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PREFACE 


Most  current  military  and  all  civil  engines  are  operated  under  “Sale-life”  procedures  for  their  critical  components. 
Experience  has  shown  that  this  philosophy  presents  two  drawbacks: 

(a)  The  move  towards  designs  allowing  higher  operational  stresses,  and  the  use  of  advanced  high-strength  alloys  make  it 
likely  that  a  disc  burst  could  happen  (following  a  rapid  crack  growth)  well  before  the  statistically-based  “Safe-life”  has 
been  achieved. 

(b)  It  is  potentially  wasteful  of  expensive  components,  since  it  has  been  estimated  that  over  80%  of  engine  discs  have  ten  or 
more  low  cycle  fatigue  lives  remaining  when  discarded  under  “Safe-life"  rules. 

Damage  Tolerance  being  an  alternative  lifeing  philosophy,  the  Sub-Committee  on  “Damage  Tolerance  Concepts  for  the 
Design  of  Engine  Constituents"  has  therefore  decided  to  conduct  a  series  of  four  Workshops  addressing  the  areas  critical  to 
Damage  Tolerant  design  of  engine  parts. 

The  present  report  includes  the  papers  presented  during  Workshop  I  which  was  devoted  to  Non-Destructive 
Evaluation  of  Components.  p  9  A  ,V  r  4 . 

It  also  includes  the  content  of  the  discussions  which  followed  the  presentations.  On  behalf  of  the  Structures  and 
Materials  Panel,  I  would  like  to  thank  the  authors,  the  recorders  of  the  discussions  and  the  session  chairmen  whose 
participation  has  contributed  so  greatly  to  the  success  of  the  Workshop. 


R.LABOURDETTE 
Chairman,  Sub-Committee  on 
Damage  Tolerance  Concepts 
for  the  Design  of  Engine 
Constituents 


La  totalitedes  moteurs  civil s  et  la  plupart  des  moteurs  militaires  sont  actuellemen!  mis  en  oeuvre  suivant  les  concepts 
de  "duree  de  vie  certaine”  en  ce  qui  conceme  leurs  parties  vitales.  La  pratique  de  cette  approche  a  mis  en  evidence  les  deux 
inconvenient*  suivants: 

(a)  La  tendance  a  I’utilisation  des  moteurs  sous  contraintes  mecaniques  plus  elevees  et  I'emploi  d'alliages  a  haute  resistance 
rendent  possible  leclatement dun  disque (a  la  suite  d'une progression  rapide de  fissure) avant  que  la  “duree de  vie 
certaine”,  evaluee  statistiquement,  ait  ete  atteinte. 

(b)  On  observe  egalement  un  gaspillage  de  pieces  onereuses,  puisqu’on  estime  que  80%  environ  des  disques  retires  du 
service  conformement  aux  regies  de  "duree  de  vie  certaine”  ont  encore  un  potentiel  superieur  a  dix  durees  de  vie  en 
fatigue  oligocyclique. 

La  Tolerance  aux  Dommages  constituant  une  autre  approche  possible  de  la  definition  des  potentiels  de  vie,  le  Sous- 
Comite  "Concepts  de  Tolerance  aux  Dommages  pour  le  dimensionnement  des  composants  de  moteurs"  a  decide  d  organiser 
une  serie  de  quatre  Ateliers  consacres  aus  divers  aspects  de  la  Tolerance  aux  Dommages  appliquee  aux  moteurs. 

Le  present  rapport  contient  les  diverses  presentations  effectives  a  l  occasion  du  premier  d'entr'eux  traitant  des 
techniques  de  Controle  Non  Destnictif.  On  y  trouve  egalement  un  compte-rendu  des  discussions  qui  ont  suivi  les  diverses 
presentations. 

Au  nom  de  la  Commission  Structures  et  Materiaux,  je  remercie  les  auteurs,  les  rapporteurs  de  discussion  et  les 
presidents  de  sessions  qui  ont  grandement  contribue  au  succes  de  cet  Atelier. 


R.LABOURDETTE 
President  du  Sous-Comite 
"Tolerance  au  Dommnges  pour  les 
composants  de  moteurs" 
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THE  IMPACT  OF  ENGINEERING  ASSUMPTIONS  ON  NDE  REQUIREMENTS 
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R  H  JEAL 

Chief  of  Materials  and  Mechanical  Technology 


Rolls-Royce  pic 
P  O  Box  31 
Derby 
DE2  8BJ 


1 .  Introduction 


In  assessing  the  performance  of  a  structure  or  component  he  has  designed  the  engineer 
has  to  make  a  number  of  assumptions  about  its  characteristics  as  it  goes  into 
service. 

To  assess  the  validity  of  these  assumptions  they  are  best  considered  in  two 
categories: 

a)  the  geometry 

b)  the  material  condition 

Geometrical  aspects  -  including  surface  finish  -  have  the  advantage  they  can  be 
directly  measured  on  the  individual  parts  for  comparison  with  those  originally  set. 

The  designer  can  calculate  the  size  of  acceptable  deviations  from  the  norm  and 
production  is  accepted  or  rejected  on  the  basis  of  these  tolerances.  Material 
condition  is  a  more  difficult  concept  to  deal  with.  It  covers  a  wide  range  of 
phenomena  ranging  from  cracks,  scratches  and  porosity  through  to  the  details  of 
material  microstructure  which  represent  a  deviation  from  the  designers  assumption  of 
a  material  as  a  continuous,  isotropic,  homogeneous  media  free  from  defects.  These 
deviations  are  both  difficult  to  find  and  their  effect  on  performance  is  difficult 
to  assess.  Designers  in  the  past  used  to  assume  safety  factors  to  account  for  the 
unseen  presence  of  defects,  but  which  have  caused  in-service  failures.  As  more 
efficient  use  of  available  materials  has  been  sought  these  factors  have  been  reduced 
but  at  the  price  of  greater  "perfection”  in  the  materials.  This  has  led  to  increasing 
demands  upon  the  ability  of  the  designer  to  assess  the  behaviour  of  discontinuities 
and  set  the  defect  standards,  and  for  the  inspection  engineer  to  establish  techniques 
that  will  find  smaller  and  smaller  defects  in  more  and  more  difficult  situations  on 
ever  increasing  degree  of  certainty. 

This  paper  charts  the  way  these  changing  design  requirements  have  impacted  upon  the 
problem  presented  to  the  inspection  engineer  and  points  the  way  to  the  future 
changes.  This  workshop  will  cover  the  inspection  engineers  response  to  these 
demands  and  set  out  the  work  required  for  the  future. 

2.  Engineering  assumptions 

In  predicting  the  behaviour  of  a  structure  the  design  engineer  has  to  assume  a  material 
model  that  relates  the  stresses  he  has  calculated  from  the  applied  loads  to  strains  and 
then  to  appropriate  failure  criteria. 

2.1  Traditional  Assumptions 

At  its  simplest  the  model  will  be  one  of  a  homogeneous,  continuous,  isotropic  media  with 
stress  directly  proportional  to  strain  with  failure  occurring  when  the  stress  reaches  a 
critical  value  -  the  tensile  strength,  (fig  1). 

The  manufacturer  of  a  structure  designed  to  such  a  model  has  to  show  he  has  not 
introduced  any  deviations  from  the  model  ie.  it  contains  no  defects  which  will  reduce  the 
load  carrying  capacity  of  the  structure  (cracks,  porosity  etc).  The  task  he  sets  his  NDT 
Engineer  is  to  check  for  such  discontinuities  and  reject  all  found. 

Safety  is  built  into  the  system  by  setting  an  operating  stress  at  a  fraction  of  the 
failure  stress  that  experience  has  shown  to  be  safe  (either  from  test  or  service). 

The  degree  of  material  perfection  this  demands  is  set  by  the  discrimination  of  the 
inspection  methods  used  -  their  sensitivity  setting  the  real  meaning  of  the  required  'no 
defect’  standard. 

Subsequent  in  service  failures  are  then  dealt  with  by  establishing  the  cause  and  then 
eliminating  it  by  changing  the  manufacturing  method  and  applying  a  more  sensitive 
inspection  method  that  would  have  found  the  offending  discontinuity. 

This  approach  is  still  the  most  widely  used  one  even  in  non-critical  aerospace 
structures. 

As  the  demands  on  the  designer  for  lighter,  higher  load  bearing,  more  cost  efficient 
structures  has  increased  however,  a  number  of  short  falls  have  been  found. 

a)  Without  detailed  knowledge  of  the  way  a  material  departs  from  the  ideal  assumptions 
the  safety  factors  required  lead  to  inefficient  use  of  material  in  the  structure. 
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b)  The  simple  materials  model  was  not  applicable  to  the  new  high  strength  alloys  being 
introduced. 

c)  Under  a  cyclic  stress  environment  detailed  knowledge  of  the  material  discontinuities 
is  needed  to  predict  life. 

A  number  of  different  steps  were  taken  to  adapt  the  behaviour  models  to  meet  the  demands 
of  these  new  materials  and  conditions.  These  were  covered  in  the  AGARD  Conference  on 
Damage  Tolerance  Concepts  for  Critical  Engine  Components  in  1985  (Ref  1  and  2). 

The  current  behaviour  models  now  being  used  to  predict  the  behaviour  of  components  under 
cyclic  conditions  are  based  upon  an  understanding  of  the  total  fatigue  life  as  shown  in 
fig  2  (Ref  3).  The  materials  potentially  move  through  each  of  the  life  stages  shown  in 
the  figure  in  a  way  that  is  dependant  upon  factors  relevant  to  the  dominating  mode  of 
behaviour  in  that  stage. 

The  more  important  factors  are  listed  below: - 

( 1 )  Crack  Nucleation  Phase 

The  number  of  cycles  in  which  a  crack  nucleates  will  depend  upon  the  applied  stress 
and  local  stress  raisers  created  by  discontinuities  in  the  material.  The  size  of 
crack  that  occurs  will  be  related  to  the  critical  microstructural  elements  of  the 
materials. 

If  a  propagating  crack  is  present  from  the  beginning  this  stage  obviously  is  not 
applicable. 

( 2 )  Small  Crack  Growth 

The  rate  at  which  the  crack  grows  will  be  dependant  upon  the  applied  stress  and  the 
structural  features  it  is  moving  through.  Provided  the  nature  of  the  microstructure 
is  known  the  growth  rate  is  predictable. 

( 3 )  Large  Crack  Growth 

The  critical  failures  are  crack  size  and  stress  levels.  Large  discontinuities  within 
the  material  or  at  the  component  surface  can  effect  life  predictions  in  this  phase. 

The  total  effect  can  be  summed  up  as  a  stress/ life  curve  (Fig  3)  which  shows  that 
relatively  long  lives  can  be  achieved  if  life  is  dominated  by  stress  induced  cracks 
(curve  1),  only  short  lives  are  predicted  in  propagating  cracks  are  always  assumed 
to  be  present  (curve  3)  -  the  inspection  related  lives  can  be  calculated  if  a 
probabilistic  approach  to  the  presence  of  propagating  cracks  or  malignant  defects 
is  taken  (curve  2).  (Fig  4). 

The  design  engineer  can  now  make  appropriate  assumptions  about  the  material  from  his 
understanding  of  defect  behaviour  and  component  test/service  experience  and  draw  up  an 
appropriate  quality  standard  which  the  manufacturing  engineer  has  to  demonstrate  the 
component  meets  -  by  a  combination  of  appropriate  process  control  and  non  destructive 
inspections . 

The  major  difference  between  yesterdays  and  todays  quality  standards  is  the  change  from 
"no  defects  are  acceptable"  to  quantitative  limits  eg  "the  surface  shall  not  contain  any 
cracks  above  1mm  in  length". 

This  demands  no  longer  just  applied  to  the  initial  condition  of  the  component  but  also 
throughout  its  life. 

3 .  Quality  Acceptance  Requirements 

The  original  demands  by  the  designer  upon  the  manufacturing  engineer  were  simple.  The 
piece  going  into  the  engine  must  be  at  least  as  good  as  the  pieces  that  were  tested  to 
give  the  design  and  lifing  data.  This  led  to  the  approach  of  fixed  manufacturing 
practice  and  quality  standards  that  rejected  parts  showing  indications  found  by  fixed  NDT 
procedures.  The  required  physical  attributes  of  the  component  were  specified  as  the 
product  of  the  defined  fixed  process  (eg  microstructure,  residual  stress)  and  the 
inspection  process  was  used  to  ensure  that  any  gross  aberrations  could  be  rejected. 

Simple  release  tests,  such  as  tensile  and  creep  of  specimens  cut  from  test  rings,  were 
used  to  check  the  piece  had  gone  through  the  designated  process  and  responded  in  the 
expected  way  (eg.  heat  treatment  of  martenistic  steels  where  the  heat  treatment  was 
repeated  is  the  designated  properties  weren't  reached). 

Todays  requirements  of  the  design  engineering  are  far  more  critical.  His  assumptions 
behind  the  life  calculation  assume  certain  physical  attributes  of  the  component,  relating 
to  material  microstructure,  surface  condition,  residual  stress  and  sub-surface 
discontinuities  -  all  specified  on  a  quantitative  basis.  Whilst  these  should  be  within 
the  process  capability  (see  below)  the  manufacturing  engineer  must  show  by  a  combination 
of  process  control  and  inspection  that  the  component  he  produces  has  the  attributes  the 
designer  has  assumed.  The  engineering  quality  demands  have,  therefore,  changes  from  a 
simple  no  "indications"  demand  to  a  list  of  quantitative  factors  that  need  individual 
control  statements  about  the  process  and  inspection  from  the  manufacturing  quality 
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organisation.  The  role  of  the  NDT  specialist  is  to  interpret  the  engineer's  requirement 
into  the  quantitative  results  of  an  NDT  process  -  both  in  terms  of  sensitivity  and 
repeatability,  -  results  that  can  then  be  used  to  monitor  the  ongoing  capability  of  the 
manufacturing  process. 

Whilst  this  is  not  too  difficult  in  the  controlled  environment  of  the  manufacture  shop 
things  become  far  more  difficult  once  the  piece  goes  into  service  -  but  the  requirement 
for  inspection  continues  through  the  component  life  as  it  follows  its  designated  life  plan. 

The  factors  likely  to  be  called  up  in  fig  5.  Whilst  some  of  these  can  be  inspected  for 
non-destructively  the  list  illustrates  the  line  can  only  be  covered  by  tight  on  going 
process  control. 

4  The  Role  of  NDE  Reliability  and  Component  Integrity 
This  can  be  best  considered  by  looking  at  fig  3. 

4 . 1  Lives  based  upon  crack  nucleation 

If  the  design  engineer  is  to  make  safe  use  of  the  nucleation  life  of  a  component  - 
curve  (1)  -  he  must  be  sure  the  material  does  not  contain  any  propagating  cracks  as 
new,  and  that  any  subsequent  in-service  incidents  such  as  frettage  or  fitting  damage 
do  not  detract  from  that  nucleation  life. 

If  such  an  assumption  were  to  be  based  upon  inspection  alone  -  a  common  current 
assumption  -  the  NDT  engineer  would  have  to  give  100%  guarantees  that  his  methods 
were  completely  reliable  at  all  crack  sizes.  This  is  clearly  not  possible  -  such  an 
approach  could  only  be  underwritten  by  using  processes  that  don’t  cause  the  cracks 
with  inspection  acting  as  a  check  on  process  capability. 

Under  these  circumstances  the  inspection  does  not  need  to  be  completely  quantitative 
-  the  presence  of  any  indication  has  to  be  taken  as  a  warning  to  examine  the  process 
because  it  is  going  out  of  the  necessary  control. 

Such  an  approach  does  not  have  any  credence  in-service  as  the  very  need  for 
inspection  is  created  by  lack  of  total  understanding  of  the  in-service  conditions. 

4.2  Lives  based  upon  inspection 

If  the  assumption  is  made  that  process  control  cannot  be  relied  upon  at  all  then  the 
material  is  assumed  to  have  propagating  cracks  just  outside  the  sensitivity  of  the 
inspection  process  used  (curve  3). 

Under  these  circumstances  the  sensitivity  of  the  inspection  process  are  paramount  in 
determining  the  component  life.  They  need  full  definition  as  applied  to  the 
component  under  consideration  and  must  be  met  at  all  times. 

This  approach  is  the  only  one  applicable  to  in-service  inspections  when  used  for 
component  life  extension  beyond  that  of  the  worst  of  the  family. 

4 . 3  Lives  on  a  probabilistic  approach 

This  approach  (curve  2)  assumes  that  defects  can  be  present  but  that  the  total 
probability  of  them  effecting  life  (including  being  found)  lies  within  acceptable 
risk.  In  this  case  the  degree  of  sensitivity  and  reliability  demand  from  the  NDT 

engineering  is  determined  by  the  chance  of  the  process  producing  the  defect  -  the 

higher  the  chance  of  producing  one,  the  higher  the  requirement  to  find  it. 

This  approach  is  the  one  most  suited  to  new  components,  but  the  NDI  sensitivity  has 
to  be  set  higher  than  the  component  rejection  rate  to  provide  the  on-going 
information  to  assess  the  probabilistic  behaviour. 

The  degree  to  which  the  NDI  process  needs  understanding  is  between  the  above  two  - 
exactly  where  depending  upon  the  quality  of  the  project. 

5.  Design  Intent  Process  Capability  on  In-service  Life  -  role  of  NDE 

In  an  ideal  world  the  design  intent  and  process  capability  of  a  component  would  be 

matched  with  a  in-service  life  distribution  that  let  the  operator  use  the  majority  of 
useful  life  of  all  components  under  all  in  service  conditions. 

Under  those  circumstances  there  would  be  no  need  of  inspection. 

The  need  for  inspection  in  the  real  world  is  created,  therefore,  by  a  breakdown  of  the 
ideal. 

.  )  Lack  of  match  between  design  intent  and  process  capability. 

b)  Lack  of  understanding  of  in-service  conditions. 

c)  Wide  scatter  of  life  capability  within  any  component  family. 


Jk. 
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5.1  Lack  of  design  intent/process  capability  match 


This  can  occur  for  two  reasons: 

a)  the  designer  cannot  achieve  the  engineering  objectives  within  the  capability 
of  the  total  product  of  the  process. 

b)  the  process  capability  is  not  consistent  and  can  drift  out  of  the  established 
match. 

The  role  of  NDE  is  different  in  these  two  cases. 

For  a)  the  NDE  process  sets  the  absolute  quality  standard  going  on  into  the  engine. 
Because  it  acts  as  such  a  gate  its  reliability  is  critical  as  failure  will  let 
sub-standard  parts  into  service. 

The  level  of  dependance  on  NDE  in  such  circumstances  has  really  been  shown  by 
experience  to  be  too  high  and  will  inevitably  lead  to  in-service  failures.  Such 
circumstances  should  only  have  been  accepted  where  such  failures  are  acceptable  on 
both  safety  and  economic  grounds* 

For  b)  the  NDE  is  being  used  to  establish  trends  in  the  process  output  and  thus  the 
absolute  accuracy  of  the  inspection  is  not  critical  provided  it  is  reasonably 
consistent.  The  adverse  trends  in  findings  can  then  be  used  to  re-examine  the 
process  controls  and  reverse  the  trend  in  product  quality.  This  is  the  ideal  use  of 
NDE  in  a  manufacturing  environment. 

5.2  Lack  of  full  understanding  of  in-service  conditions 

This  is  inevitable  because  it  is  not  economically  feasible  to  cover  all  possible 
conditions  in  an  engine  development,  programme. 

As  a  check  on  components  during  the  declared  life  it  can  be  used  to  confirm  that  the 
assumptions  made  were  valid  and  that  no  major  life  reducing  factors  were  missed  -  by 
giving  early  warning  of  cracking  and  damage. 

As  this  is  a  sampling  technique  the  demands  on  the  inspection  are  not  100%  and  so, 
provided  the  techniques  used  are  well  qualified,  NDE  offers  a  valid  way  of  checking 
in-service  behaviour. 

5.3  NDE  can  also  be  used  to  extend  in-service  life  on  a  'life  on  condition'  basis.  Such 
an  approach  demands  a  high  level  of  repeatability  and  reliability  in  the  inspection 
method  -  level  which  are  probably  achievable  in  specific  circumstances  (eg.  where 
the  incident  of  known  cracking  is  being  followed)  but  probably  not  achievable  on  a 
general  basis  unless  a  higher  risk  of  failure  is  acceptable. 

6.  Conclusion 

As  the  demands  of  the  engine  on  Components  has  increased  the  need  for  qualitative  quality 
standards  for  those  components  has  become  evident  -  both  as  new  and  in-service.  The 
qualitative  demands  of  the  designer  cannot  be  met  solely  be  qualitative  NDE  -  they  should 
be  met  by  relying  on  enhanced  process  control  supported  by  trend  analysis  basis  on  NDE 
rather  than  setting  absolute  quality  levels  by  NDE. 

Fig  6  shows  the  preferred  applications  for  NDE  on  this  basis. 

With  such  an  approach  in  mind  quantitative  NDE  becomes  a  feasible  proposition  as  its 
results  can  be  used  on  a  probablistic  basis  both  by  the  design  and  manufacturing 
engineers. 

The  papers  in  this  workshop  should  illustrate  the  detailed  technical  needs  created  by 
todays  quality  requirements  and  show  how  far  we  can  rely  on  inspection  results  in  future. 
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BASIC  HATER I XL  MODEL 


All  materials  are  clastic  isotropic  homogeneous  media  free  from  defects. 


o  ■  Applied  Load 
Section  Area 


|  =  B  (Modulus) 


Fig  l  Basic  Material  Model 


TO  MOOEL  THE  THREE  PHASES  OF  FATIGUE 
LIFE 


Fig  2  Stages  of  Fatigue  Life 


rig  3  Stress  vs  Life  Defect  Curves 


Pi  -  Probability  of  a  disc  containing  a  defect. 

Pi  -  Probability  of  a  flow  being  missed  by  inspection. 

P,  -  Probability  of  a  defect  being  in  a  high  stressed  region. 

P*  -  Probability  of  a  defect  behaving  as  a  crack. 

P,  -  Probability  of  variation  in  crack  propagation  rates. 

P«  -  Probability  of  variation  in  fracture  toughness. 

P,  -  Probability  of  unknowns. 


Fig  4  List  of  Probabilities  for  Sub-Surface  Life  Prediction 
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FACTORS  IN  ENGINEERING  QUALITY  STANDARDS 


Surface  Requirements 

•  Permitted  Crack  Site  (mm) 

•  Grain  Size  (mm) 

•  Macrostructural  features  (mm) 

•  Microstruetural  features  (mm) 

•  Inclusions  (mm) 

•  Porosity  imm) 

•  Machinery  abuse/Surface  strain 

•  Scratches  (mm) 

•  Dents/Bruising 


Sub-Surface  Requirements 

•  Ultrasonic  Response  as  standard 
Artificial  Defect  (SAD). 

equivalent  flat  bottom  hole  site. 

•  Inclusion  Site 

•  Residual  Stress 

•  Defect  distribution  (within  component 
and  on  going) 

•  Microstructure 


Fig  5  Factors  in  Engineering  Quality  Standards 


APPLICATIONS  FOR  NPE 


Role 

Requiring  a  probabalistic  understanding  of 
sensitivity  and  repeatability 

Requiring  an  absolute  understanding 
of  sensitivity  and  repeatability 

Design 

Confirming  Process  Control  set  quality 

Lifing  based  on  ’defect  free 

Intent 

levels 

assumptions’ . 

Process 

Capability 

Monitoring  product  quality  trends 

Setting  quality  levels  wheje  design 
intent  exceeds  process  capability. 

In-service 

Monitoring 

Confirming  calculated  design  lives 

Life  extension  beyond  family 
minimum  (Llfe-on-condltlon I . 

Fig  6  Applications  for  NDE 
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REVIEW  OF  EXISTING  NDT  TECHNOLOGIES  AND  THEIR  CAPABILITIES 
Leonard  J.  Bond 

Non-Destructive  Evaluation  Centre 
Department  of  Mechanical  Engineering 
University  College  London 
Torrington  Place  London  WC1E  7JE  U.K. 


ABSTRACT 

This  paper  presents  a  review  of  the  current  and  expected  future  defect  detection  and 
:  characterisation  capability  for  selected  NDT  technologies:  four  technologies  were 

considered;  dye  penetrants,  eddy  currents,  various  ultrasonic  techniques  and  radiography. 
It  will  be  shown  that  no  single  figure  should  be  used  as  the  detection  limit  to 
1  characterise  the  capability  of  a  particular  NDT  technology.  A  specific  NDT  technology 

L  or  system  is  best  characterised  using  a  probability  of  detection  (POD)  curve  and/or 

'  reliability  of  characterisation  (ROC)  curve.  Any  evaluation  of  an  NDT  technology  must 

t  include  consideration  of  the  human  factors  associated  with  its  operation.  No  single  POD 

or  ROC  curve  is  adequate  to  characterise  a  particular  technology  as  both  part  geometry 
,  and  material  have  a  signigicant  impact  on  performance. 

With  the  exception  of  eddy  current  technology  it  would  appear  that  the  measured  defect 
detection  limits  established  in  the  laboratory  in  the  mid  1970 's  have  not  been  changed 
I  significantly  since  then.  However  in  recent  years  there  have  been  significant  changes 

in  the  NDT  performed  in  production  and  inservice,  not  least  through  the  collection  of 
some  POD  and  ROC  data.  Further  work  is  required  on  the  statistics  used  to  estimate  the 
t  performance  capability  for  NDT.  Major  advances  have  been  made  in  automation, 

instrumentat ion  and  systems  which  are  used  to  implement  NDT. 
i  It  is  to  be  expected  that  through  the  increased  use  of  automation  and  computer  based 

technologies  the  best  defect  detection  ‘'imlts  for  the  various  NDT  technologies,  that  are 
now  only  available  in  the  laboratory;  :  performance  close  to  this  level,  could  become 
reliably  available  in  production  and  in  due  course  result  in  Improvements  in  the 
capability  of  in-service  inspections  for  use  as  part  of  life-extension  or  retirement  for 
cause  programmes. 

1.  Introduction 


This  paper  presents  a  review  of  selected  NDT  technologies  with  regard  to  their 
capability  and  reliability  to  detect  and  characterise  defects  in  critical  aero-engine 
components  such  as  discs  and  bllsks  (integrally  bladed  discs),  both  in  production  and 
after  service. 


The  performance  of  non-destructive  testing  is  considered  both  at  the  time  of 
manufacture  and  after  service  for  parts  fabricated  from  powder  metals  including  API 
and  with  particular  consideration  given  to  the  needs  of  the  new  European  Fighter 
Aircraft  ( EFA ) . 

Various  NDT  technologies  have  been  considered  with  the  aim  of  establishing  the 
current  capability  of  each  technology;  in  terms  of  defect  detection  capability  and 
probability  of  detection  rates.  The  cause  of  the  limits  on  performance  are  reviewed 
and  areas  where  development  can  be  expected  in  these  and  other  NDT  technologies 
within  the  next  5  to  10  years  have  been  identified. 

The  NDT  technologies  selected  for  consideration  were; 

i.  dye  penetrants,  including  automated  systems. 

ii.  eddy-current  and  other  electromagnetic  NDT  technologies. 

iii.  ultrasonic  NDT  in  various  forms. 

iv.  radiography. 

This  review  considers  the  application  of  NDT  to  aero-engines  measured  in  terms  of  the 
reliability  with  which  any  NDT  technology  can  be  expected  to  perform  In  production  or 
in-service  and  as  part  of  any  fracture  mechanics  based  life  extension  or  retirement 
for  cause  programme. 

A  major  review  of  NDT  methods  for  propulsion  systems  is  given  in  a  previous  AGARD 
document  (1).  A  variety  of  new  lifing  philosophies  are  being  considered  for  critical 
aero-engine  components  and  these  Include  Damage  Tolerance  (DT),  Fracture  Mechanics 
based  Life  Extension  and  Retirement-for-Cause  (RFC).  At  a  more  recent  AGARD  meeting 
the  complete  range  of  damage  tolerance  concepts  for  critical  engine  components  have 
been  considered  (2)  and  the  proceedings  Include  some  consideration  of  NDT.  There 
has  also  been  a  growing  realisation  of  the  Impact  of  human  reliability  on  inspection 
(3,4). 


* 
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The  current  capabilities  of  the  various  selected  NDT  technologies  are  reviewed  and 
compared  in  general  terms  in  Section  2.  Section  3  then  presents  a  summary  of  the 
various  factors  limiting  the  performance  of  these  specific  NDT  technologies.  The 
current  and  expected  developments  in  NDT  capability  are  considered  in  Section  4. 

Some  conclusions  are  provided  as  Section  5* 

2 .  NDT  Technologies;  current  capability 

The  literature  has  been  reviewed  and  material  collected  so  as  to  establish  what 
are;  i.  defect  detection  limits,  and  ii.  the  probability  of  defect  detection,  for 
particular  types  and  sizes  of  defects,  for  each  NDT  technology  considered. 

The  general  problem  of  how  to  establish  a  methodology  to  determine  the  reliability 
of  flaw  detection  by  NDT,  its  relation  to  design,  statistics,  demonstration 
programs  and  an  assessment  of  inspection  reliability  has  been  considered  by  Packman 
et  al  (5). 

The  details  of  the  requirements  and  methods  used  to  validate  the  capability  of  a 
specific  technique  or  technology  applied  to  a  specific  problem  are  outside  the 
scope  of  this  review  and  they  have  not  been  considered  in  detail.  The  general  area 
of  reliability  strategies  has  been  considered  by  Buck  and  Wolf  (6)  and  more  recently 
specific  models  for  predicting  NDT  capability  have  been  developed.  (e.g.  7,8,9  and 
10). 

In  a  paper  by  Comassar  (11),  in  an  AGARD  monograph  on  '  NDI  methods  for  propulsion 
systems',  data  was  provided  which  compares  the  probability  of  detection  (POD) 
capability  for  various  technologies  which  detect  surface  defects.  However  no 
specific  crack  lengths  are  given  and  the  specific  geometry  involved  is  not 
specified.  It  may  be  interesting  to  note  that  In  this  paper  it  was  said  that  the 
NDT  requirement  for  aero-engines  is  to  be  able  to  detect  0.01"  (251*  Mm)  surface 
defects.  In  the  same  report  various  additional  general  data  is  also  to  be  found. 

The  most  recent  paper  to  be  found  which  gives  comparative  figures  for  the  defect 
detection  capability  for  various  NDT  technologies  was  by  Branco  (12).  He,  in  turn, 
quotes  data  collected  by  Pettie  &  Krupp  (13)  and  the  paper  by  Branco  states  that 
'NDT  is  not  able  to  detect  flaws  with  sizes  below  those  quoted  in  Table  1'. 

Table  1  gives  performance  data  for  NDT  on  steel  and  when  reviewing  the  various 
published  studies  it  is  this  data  which  is  used  as  a  base  line.  Of  particular 
interest  are  the  three  headings  under  which  the  NDT  techniques  are  given;  (i)  Test 
specimens,  laboratory  inspection,  (ii)  Production  parts,  production  inspection  and 
(iii)  Cleaned  structures,  service  Inspection. 

In  some  sense  the  data  in  Table  1  is  presented  in  a  simplistic  fashion;  the  data 
is  that  for  25  mm  ferritic  steel  samples  with  a  surface  63  RMS,  there  are  no  details 
for  the  various  forms  of  the  technology  that  were  employed,  and  the  geometry 
involved  is  not  specified.  Also  there  is  no  consideration  given  to  the  ability  to 
detect  a  range  of  possible  types  of  inclusions  which  is  of  considerable  importance 
for  the  inspection  of  components  fabricated  from  powder  metal. 

In  my  review  I  had  expected  to  find  that  there  had  been  significant  improvements  in 
the  NDT  limits  for  defect  detection  capability  since  the  data  in  Table  1  was 
prepared  in  197 However,  for  the  laboratory  Inspection  this  has  not  proved  to  be 
the  case.  If  a  single  number  Is  required  to  characterise  the  capability  of  a 
particular  NDT  technology,  in  terms  of  its  detection  limit  these  figures  can  still 
be  considered  to  be  valid.  The  significance  of  this  data  is  considered  further  in 
section  3. 

Data  from  an  ENSTP  NDT  evaluation  of  NDT  capability  is  given  as  Table  2.  (1*0  The 

data  is  in  the  form  of  the  preliminary  conclusions  of  the  USAF  'ENSIP  NDT'  study 
and  it  is  quoted  as  the  detection  capability  achieved  by  the  average,  of  the  majority, 
and  by  the  best  10%, of  technicians.  Human  factors  are  clearly  an  important 
consideration  and  need  further  attention.  When  the  data  shown  In  Tables  1  and  2  Is 
compared  the  stated  capability  for  the  best  in-service  MPI  and  ultrasonic  NDT  are  in 
close  agreement.  The  ENSIP  study  found  penetrant  to  perform  significantly  worse 
than  would  be  expected  from  the  Table  1  data;  however  the  ENSIP  eddy  current 
performance  was  much  Improved  and  it  was  closer  to  the  laboratory  inspection  limit 
given  in  the  Table  1. 

There  have  been  various  more  recently  reported  studies  in  the  USA  which  try  and 
provide  NDT-P0D  data.  (15,16)  A  great  deal  of  data  is  presented  in  these  documents 
and  it  is  not  truly  valid  to  try  and  extract  just  single  numbers;  there  are  simply 
too  many  variables  Involved  and  these  include  part  geometry.  The  best  detection 
levels  achieved  are  close  to  those  given  in  the  ENSIP  data,  however  in  certain  tests 
and  with  certain  groups  of  inspectors  results  appear  to  fail  to  get  even  near  the 
ENSIP  levels  of  performance. 
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Less  comparative  data  would  appear  to  be  available  for  radiography  In  all  Its  forms 
using  either  X  or  gamma  rays.  Several  groups  simply  reject  radiography  as  being 
unsuitable  for  the  detection  of  tight  cracks.  The  fundamental  resolution  for 
radiographic  systems  is  set  by  the  spot  size  which  for  research, has  been  reduced  a 
little  below  the  stated  detection  limit  given  in  Table  1.  There  have  been  three 
recent  major  development  areas  in  X-radiography  and  these  are  micro-focus,  real 
time  and  computerised  tomography  (CT).  (17).  Much  work  has  been  performed  in  the 

medical  fields  which  has  significance  to  the  NDT  community,  however  the  capital 
costs  for  even  research  instrumentation  can  be  high.  Microfocus  and  projection 
radiography  are  now  being  used  on  critical  parts  in  production  and  in  such  work  the 
best  systems  give  good  dimensional  measurement  capability.  These  topics  are 
considered  further  in  section  4. 

Among  recently  reported  work  Norrlss  < 18 )  considered  the  performance  of  the  same 
eddy  current  and  ultrasonics  systems  evaluated  against  both  real  and  artificial  cracks. 
It  Is  clear  from  this  work  that  the  performance  of  NDT  systems,  as  measured  against 
real  and  artificial  cracks  has  significance  differences;  at  a  given  POD  it  is 
consistantly  possible  to  detect  smaller  artificial  cracks  than  real  features.  In 
one  eddy  current  test  in  plate  a  501  POD  was  achieved  for  artiflcal  cracks  at  about 
2.0  mm  length  and  at  about  4.5  mm  length  for  real  cracks  and  this  was  by  no  means 
the  largest  variation  in  sensitivity.  Similar  comments  can  be  made  about  any  size 
given  in  terms  of  the  Flat  Bottom  Hole  (FBH)  size  as  an  ultrasonic  sizing  standard; 
a  natural  defect  which  gives  an  echo  in  an  A-scan  which  is  the  same  height  as  that 
from  a  particular  size  of  FBH  can  be  due  to  a  defect  with  a  true  geometric  size 
which  may  well  be  significantly  larger.  The  use  of  the  echo  amplitude  data  for 
sizing  in  ultrasonics  increases  the  uncertainty  attached  to  any  size  estimate  given. 

In  reports  which  consider  the  NDE  needs  for  RFC  applied  to  military  engines  such  as 
the  F100,  F101  and  F110  King  et  al  (19)  state  that  a  detection  capability  down  to 
0.030  inch  (  0.76  mm)  surface  length  is  required.  They  claim  that  eddy  current  NDT 

can  reliably  detect  surface  flaws  down  to  0.005  inch.  (0.12  mm  or  120  um).  They 
also  comment  that  the  requirement  for  fluorescent  penetrant  inspection  is  to  detect 
down  to  0.030  inch  surface  length,  but  that  this  capability  has  not  yet  been 
adequately  demonstrated  The  probability  of  detection  for  eddy  current  NDT  in  a  range 
of  geometries  is  shown  as  Fig  1  and  the  POD  for  fluorescent  penetrant  inspection  Is 
shown  as  Fig  2. 

There  have  also  been  various  other  studies  which  have  given  single  numbers  for  'NDT 
detection  limit'.  In  a  Canadian  study  into  damage  tolerance  based  life  extension, 

(Koul  et  al  (29)),  the  figure  1.75  mm  was  given  for  ' 100*  detection*.  In  a  paper 
which  reports  the  AGARD  co-operative  test  program  on  titanium  alloy  engine  disc 
material.  Mon  and  Raizenne  (21)  claimed  that  under  proper  conditions  well  motivated 
people  with  very  special  equipment  can  detect  0.375  *  0.125  mm  (0.015  x  0.005  In) 
surface  cracks  with  a  90*  probability,  95*  confidence  level.  However  it  is  reported 
that  it  is  more  realistic  to  assume  crack  size  for  the  detection  limit  is  at  a 
level  of  0.75  x  0.375  mm  (0.030  x  0.015  in).  In  a  paper  on  aspects  of  small  crack 
growth  James  and  Knott  (22)  state  that  the  normal  NDT  detection  limit  is  at  about 
0.5  to  1.0  mm,  although  under  certain  situations  perhaps  0.2  mm  defects  can  be 
foun  .  In  another  place  in  the  same  paper  the  figure  of  400um  Is  given  for  the  NDT 
detection  limit.  This  figure  is  also  defined  as  being  near  the  boundary  for  short 
and  long  crack  growth  behaviour  in  high  strength  aerospace  alloys.  However  In  this 
work  no  specific  NDT  methods  are  identified. 

In  a  study  by  Fiorentin  and  Walther  (23)  which  specifically  considered  the  detection 
of  small  defects  in  powder  metals,  the  conclusion  was  that  conventional  ultrasonics 
in  powder  metal  has  a  detection  limit  for  volume  defects  set  between  500  and  300um. 
Using  other  NDT  techniques,  neither  x-ray  or  eddy  current  techniques  were  reported 
to  be  capable  of  detecting  these  defects  over  the  required  depth  range.  Their  work 
using  ultrasonic  frequencies  between  10  and  20  MHz  claimed  to  provide  an  Improved 
capability  for  the  detection  of  ceramic  inclusions  down  to  50um,  in  10um  grain  size 
material,  with  70*  POD.  For  Astroloy  type  material  If  inspections  are  to  be  performed 
to  a  depth  of  10  mm  a  pulse  centre  frequency  of  20  MHz  is  considered  optimal.  A 
figure  showing  POB  for  various  Inclusions  is  shown  as  Fig  3.  This  detection  limit 
cannot  however  be  assumed  to  be  valid  for  any  powder  metal  sample  as  the  base  material 
grain  size  has  a  significant  effect  in  the  determination  of  the  detection  limits. 

The  effect  of  microstructure  on  ultrasonic  noise  generation  in  powder  metals  has 
been  investigated  by  Tittmann  et  al  (24)  and  equations  which  can  be  used  to  predict 
the  acoustic  noise  levels  are  derived  and  confirmed  with  experimental  data. 

In  most  studies  performance  is  specified  in  terms  of  a  'detection  capability'.  The 
problem  of  the  false  call,  i.e.  giving  an  indication  when  there  is  no  real  defect 
present  needs  further  consideration.  Also  further  work  is  required  to  consider  the 
effects  of  the  probability  of  NON-detectlon  as  it  Is  this  which  gives  the  probability 
for  the  presence  for  the  largest  defect  with  particular  characteristics  which  may  be 
missed.  This  parameter  is  central  to  any  fracture  mechanics  based  component  life 
evaluation;  the  NDT  data  for  defect  type,  shape  and  size  needs  to  be  in  a  form  in 
which  It  can  be  used  in  fracture  mechanics  calculations. 


2-4 


The  causes  of  the  limitations  for  selected  technologies  are  now  considered. 

3.  Causes  of  the  limitations  on  NDT  performance 

When  the  various  studies  which  consider  the  detection  and  sizing  capability  of  the 
various  NDT  technologies  are  reviewed  It  Is  seen  that  the  laboratory,  production 
and  In-service  inspection  capabilities  are  significantly  different. 

Pour  fundamental  areas  can  be  identified  as  the  causes  for  the  limitations  on  NDT 
capability : 

I.  The  physics  of  the  fundamental  interactions . 

II.  The  instrumentation  which  Is  used. 

ill.  The  Inspection  techniques,  including  human  factors. 

Iv.  The  defect  population;  Its  range  of  types  and  sizes,  base  material 
properties  and  the  component  geometry. 

From  an  engineering  viewpoint  (14)  the  problems  associated  with  the  current  NDT 
technologies  have  been  summarised  as; 

1.  Lack  of  NDT  considerations  at  the  design  stage. 

2.  Inadequate  'engineering'  of  the  NDT  techniques. 

3.  Defect  detection  requirements  which  are  often  too  close  to  the 
detection  threshold. 

4.  Human  factors  in  the  inspection  cycle. 

The  two  lists  of  problems/limiting  factors  are  complementary  and  are  expressing  the 
same  problems  from  different  viewpoints.  It  is  also  clear  that  effective  NDT  can 
only  be  provided  if  its  requirements  are  an  integral  part  of  the  design  process. 

The  ideal  is  that  there  should  be  design-for-testability ;  in  practice  the  capability 
of  NDT  and  its  limitations  resulting  from  design  decisions  and  their  implications 
for  the  reliability  of  inspection  need  to  be  quantified. 

It  would  appear  that  the  major  factors  which  limit  the  detection  capability  for 
laboratory  NDT  to  the  levels  given  in  Table  1  are  those  of  the  interaction  of 
fundamental  physics  with  particular  defect  populations  and  material  properties. 

In  laboratory  measurements  the  geometry  tends  to  be  simple,  the  surface  finish  is 
good  and  the  quality  of  staff  is  high. 

In  the  case  of  practical  work  performed  in  production  or  in-service  conditions  it 
would  appear  to  be  the  instrumentation  and  the  inspection  techniques,  including 
the  human  factors  which  are  much  more  significant.  Also  in  such  situtations  the 
part  geometry  is  more  complex  and  small  changes  In  geometry  or  material  can  have 
very  significant  inspection  implications.  The  importance  of  human  factors  in  field 
NDT  Is  clearly  Indicated  by  the  data  given  in  Table  2. 

In  the  mld-1970's  it  was  recognised  that  there  was  a  lack  of  an  adequate  science 
base  for  NDT  to  become  a  quantitative  science,  in  particular  it  was  necessary  to 
improve  the  reliability  of  inspections.  Major  progress  has  since  been  made  to 
correct  this  through  several  research  programmes  Including  one  sponsored  through 
the  USAF-DARPA  which  has  looked  at  quantitative  NDE  required  to  meet  aero-space 
needs.  This  work  initially  concentrated  on  ultrasonics  but  it  then  expanded  to 
consider  eddy-currents  and  more  recently  it  has  been  widened  further  to  consider 
most  of  the  other  NDT  technologies  and  also  a  range  of  new  materials.  More  than 
6 0%  of  QNDE  Research  over  the  last  10  years  has  concentrated  on  ultrasonics  and  it 
is  in  this  field  that  the  best  science  base  has  now  been  developed.  Major  progress 
Is  now  also  being  made  with  other  technologies. 

When  any  particular  technology  or  system  is  reviewed  it  is  important  to  understand 
what  it  is  that  is  limiting  the  capability  of  that  particular  system,  technique  or 
technology . 

The  Important  area  from  the  point  of  view  of  inspection  in  production  and  in-service 
is  the  NDT  capability  in  these  non-ideal  environments,  which  is  seen  to  be  signif¬ 
icantly  poorer  than  in  the  laboratory.  (See  Table  1)  Three  aspects  of  NDT  perform¬ 
ance  are  important  and  can  be  used  to  measure  system  performance  and  these  are  the 
probability  of  detection,  minimum  detectable  defect  and  the  sizing  capability.  The 
automation  of  conventional  inspection  has,  in  general,  been  found  to  improve  repeat¬ 
ability  of  data  collection  and  hence  the  POD  through  the  reduction  of  the  uncertainty 
inroduced  by  inspectors.  However  automation  to  date  has  appeared  in  general  to 
reduce  the  sensitivity  of  the  detection  capability  measured  in  terms  of  the  smallest 
detectable  defect. 


If  the  data  shown  in  Table  1  is  considered  further  three  sets  of  NDT  detection  limit 
are  shown.  When  these  limits  are  considered  in  detail  those  for  laboratory  inspec¬ 
tion  are  found,  in  most  cases,  to  be  clearly  linked  to  the  fundamental  physics. 


3 . 1  Ultrasonic  NDT 


For  example  if  the  case  of  the  detection  limit  for  ultrasonic  NDT  of  0.12  mm  is 
considered  it  is  found  that  in  steel  this  corresponds  to  a  defect  with  dimensions 
of  one  wavelength  at  50  MHz  or  about  X/M  at  about  12  MHz.  For  powder  metals 
significant  penetration  cannot  be  achieved  much  above  20  MHz,  and  this  size  feature 
would  then  correspond  to  a  feature  with  a  dimension  of  l/5th  of  a  wavelength. 

A  range  of  computer  based  forward  scattering  models  have  now  been  developed  which 
can  predict  ultrasonic  performance.  The  best  models  appear  to  be  those  produced 
at  Ames  Laboratory,  Iowa  State  University.  (Thompson  and  Gray  (10)). 

For  current  NDT  practice  on  turbine  discs  with  conventional  equipment  and 
techniques, ultrasonic  limitations  diagrams  can  be  produced  which  can  highlight 
regions  where  poor  Inspection  capability  is  found  in  a  particular  geometry.  Such 
schemes  also  enable  scanning  procedures  to  be  specified.  This  data  then  requires 
to  be  evaluated  in  terms  of  the  complete  design  and  the  corresponding  service 
parameters  to  give  a  life  for  a  part, given  a  particular  defect  at  a  specified 
location.  In  many  cases  when  conventional  ultrasonic  shear  or  compression  wave 
techniques  are  employed, for  finished  components, it  is  the  part  geometry  which  limits 
the  NDT  capability. 

3.2  Eddy  current  and  other  EM  NDT 

This  is  a  technology  which  has  seen  considerable  improvements  in  detection 
capability  in  recent  years.  However  many  simple  problems  Involving  cylindrical 
coils  and  simple  defects  remain  analytically  intractable. 

It  Is  however  found  that  it  is  the  eddy  current  skin  depth  and  the  probe 
characteristics,  in  particular  those  of  the  ferlte  core  material  and  the  ratios  of 
these  parameters  with  defect  dimensions  that  in  general  determines  detection 
capability. 

To  extract  more  data  from  eddy  current  inspection  multifrequency  systems  are  now 
being  used.  Also  some  work  is  in  progress  to  use  data  collected  as  a  part  is  scanned. 
However  much  work  remains  to  be  done  If  an  adequate  science  base  for  eddy  current 
defect  interactions  is  to  be  developed  and  more  quantitative  analysis  provided. 

For  the  electromagnetic  inspection  technique  known  as  ACFM  two  famalles  of  approximate 
theory  solutions  are  available  for  field-defect  interaction  and  these  correspond  to 
thick  and  thin  skin  approximations  both  defined  in  terms  of  the  D/8  ratio,  where  D 
is  the  defect  depth  and  6  is  the  skin  depth.  For  AC/M  the  theory  is  simpler  than 
for  eddy  currents  as  the  problems  in  general  reduce  to  calculation  of  the  potentials 
in  a  surface  skin  and  hence  only  involved  two  space  dimensions.  (Dover  et  al  (25)). 

3. 3  Radiography 

The  fundamental  aspects  of  X  and  gamma  -  radiography  are  well  established.  A  full 
review  of  the  basic  concepts  for  high  resolution  radiography  can  be  found  In  various 
papers  including  Parish  (26). 

The  most  important  parameter  which  can  be  used  to  characterise  a  radiography  system 
is  its  spot  size.  This  is  determined  by  the  wavelength  for  tne  radiation  given  at  a 
particular  energy  and  the  geometry  of  the  x-ray  tube  and  detector  employed.  Spot 
size  down  to  0.5  mm  and  now  much  less  are  being  achieved.  It  is  then  the  detector 
geometry  and  the  sensitivity  of  the  f ilm/detector  employed,  given  the  number  of 
photons  received  which  determines  detection  and  resolution  limits  and  the  sensitivity. 
To  reduce  exposure  time  and  improve  imaging  capability  for  thick  metal  sections  gamma 
radiography  is  used. 

For  the  material  under  examination  it  is  the  variation  in  the  various  absorption  and 
scattering  processes  which  combine  to  give  the  variations  in  exposure  seen  at  the 
radiographic  detection  system. 

If  the  focal  spot  for  the  system  is  used  to  define  an  image  pixel  then  the  use  of 
projection  radiography  can  further  Improve  performance  in  terms  of  resolution  and 
also  increase  the  radiographic  contrast.  However  some  types  of  defects  such  as 
tight  fatigue  cracks,  at  least  In  some  orientations,  may  not  be  detected  using 
conventional  radiography. 
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When  production  inspection  is  considered  inspection  time,  limits  on  radiation  levels 
and  part  geometry  will  all  limit  performance.  The  most  interesting  areas  for 
development  are  micro-focus  radiography  and  CT  scanning. 

Forward  models  for  simulated  radiographs  have  been  developed  in  some  fields  and  CT- 
computed  tomography  system  modelling  is  now  being  developed.  The  capability  of 
advanced  radiographic  systems  is  considered  further  in  section  4.  ’ 

3 . A  Penetrant  NDT 


This  family  of  inspection  techniques  can  be  considered  in  two  groups;  i.  dye 
penetrants  and  11.  fluorescent  penetrants. 

For  both  these  groups  of  substances  and  their  related  cleaners,  removers,  developers 
and  contrast  agents  the  fundamental  properties  as  well  as  their  analysis  is  based  in 
the  field  of  physical  chemistry.  There  would  appear  to  be  no  simple  parameter  which 
corresponds  to  the  ultrasonic  DA  ratio  or  the  eddy  current  skin  depth  &  which  can 
be  used  as  a  measure  of  expected  detection  capability. 

The  key  properties  of  the  penetrants  are  their  low  viscosities  and  their  ability  to 
penetrate  into  open  fine  cracks.  The  second  aspect  of  the  technology  is  that 
sufficient  penetrant  will  remain  in  a  fine  small  crack  after  cleaning  and  developing 
to  give  either  a  dye  or  a  fluorescent  indication  which  can  be  easily  (?)  detected  by 
either  an  inspector  or  an  automated  inspection  system.  It  is  interesting  to  note 
that  the  data  given  in  Table  1  gives  penetrant  as  the  technology  which  provides  the 
lowest  detection  limit,  at  1.25  mm,  when  used  for  in-service  inspection.  The  data 
given  in  Fig  2  clearly  indicates  the  current  variability  found  with  this  technology. 

3.5  Imaging  systems 

The  range  of  acoustic  imaging  techniques  employed  in  NDE  has  been  reviewed  by 
Tittmann  (27).  For  all  technologies  which  produce  an  image  such  as  a  B  or  a  C-scan 
in  ultrasonics,  or  similar  display  for  other  technologies,  in  particular  those  which 
employ  digital  systems,  it  is  the  ’pixel’  or  picture  element  size  which  sets  detection 
limits  and  this  is  combined  with  the  number  of  sensitivity  levels  which  can  be 
resolved  within  each  pixel.  A  defect  smaller  than  a  pixel  in  size  will  in  most  cases 
not  be  seen.  False  colour  is  now  used  to  enhance  defect  identif ictlon  in  an  image 
and  this  can  improve  performance.  A  range  of  time  sequence  analysis  and  inversion 
tools  can  be  used  to  give  data  on  defect  characteristics.  However  all  systems  have 
limits  to  performance  set  by  the  fundamental  physics. 

4 .  Current  trends  and  future  developments 

With  the  improved  understanding  of  the  NDT  requirements  and  the  complete  systems 
that  have  been  developed,  new  inspection  techniques  are  being  introduced  to  Improve 
the  probability  of  detection  and  also  give  quantitative  defect  characterisation. 

A  series  of  major  research  studies  continue  to  be  followed  in  the  investigation  of 
fundamental  phenomena  upon  which  the  various  NDT  technologies  are  based.  Work  has 
now  diversified  into  all  the  common  NDT  technologies. 

The  focus  of  the  more  fundamental  NDE  research  is  changing  and  projects  are  now 
considering  the  monitoring  of  material  properties  in  the  fabrication  process  as  an 
extension  of  process  monitoring  or  NDT  in  new  materials,  metal-metal  composites, 
fibre  reinforced  ceramics  etc,  rather  than  basic  NDT  applied  to  traditional  metals. 
Also  work  is  considering  the  consolidation  of  the  last  decades  research  achievements 
into  industrial  applications  and  the  introduction  of  artificial  intelligence  and 
knowledge  based  systems  for  data  analysis  are  being  investigated. 

The  current  changes  in  NDT  are  to  be  seen  most  vividly  in  the  changes  in  the 
instrumentation  used  in  NDT.  Analog  electronics  and  systems  which  require  skilled 
human  manipulation  are  being  replaced  with  automated  inspection,  as  in  the  Rolls 
Royce  'No  Eyes  NDT'  programme  (14).  Computers,  digital  systems,  automation  and  now 
robotics  of  all  types  are  increasingly  being  drawn  into  use  in  industrial  NDT. 
Computer  based  signal  processing,  data  display  and  inversion  schemes  are  now  being 
developed  together  with  artificial  intelligence  and  knowledge  based  systems. 

Probably  the  most  significant  change  has  been  the  increasing  attention  and  the  level 
of  the  funds  being  devoted  to  the  development  of  inspection  systems.  In  particular 
early  NDT  reliability  studies  had  tended  to  show  poor  probability  of  detection 
capability  In  manual  inspection  systems.  The  move  to  automated  NDT  wherever  it  Is 
practical  in  the  aerospace  industry  is  to  be  clearly  seen.  With  regard  to  NDT 
equipment  requirements  the  needs  highlighted  in  the  ENSIP  report  are  shown  as 
Table  3- 

When  these  moves  towards  systems  are  reviewed  it  is  found  that  although  progress 
has  clearly  been  made  much  of  the  technology  that  has  been  developed  still  requires 
evaluation  under  field  conditions  and  for  the  results  of  such  trials  to  be  fully 
reported. 
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What  is  probably  the  largest  group  of  new  NDT  inspection  technology  has  been 
developed  by  the  USAF  at  Kelly  Air  Force  base.  These  facilities  have  been  reported 
to  have  cost  $15M  US  and  were  due  to  come  into  operation  in  raid-1986.  This  system 
has  been  reported  in  several  publications  (28,29).  Although  significant  evaluation 
work  has  been  performed  on  the  system  it  will  be  interesting  to  learn  what  its 
capability  is  under  real  inspection  conditions  when  the  evaluation  is  performed  on 
parts  that  have  been  in-service.  It  should  also  be  noted  that  much  of  the  potential 
capability  which  is  clearly  available  in  USAF  Kelly  systems  has  yet  to  be  fully 
employed  with  the  field  application  of  the  new  advanced  quantitative  NDE  defect 
characterisation  schemes. 

All  the  major  aero-engine  manufactures  have  quantitative  NDE  or  NDT  improvement 
projects  in  progress.  In  the  UK  Rolls  Royce  have  said  that  they  have  made  improve¬ 
ments  to  their  NDT  in  the  areas  of;  real  x-ray,  penetrant  blade  Inspection, 
ultrasonic  disc  Inspection,  MFI  applied  to  shafts  and  various  eddy  current  applica¬ 
tions.  These  developments  have  been  combined  under  the  general  heading  of' No  Eyes 
NDT’  (14). 

In  a  paper  such  as  this  it  is  probably  best  to  seek  to  highlight  the  key  elements  in 
the  various  technological  advances  which  could  form  the  basis  for  systems  to  inspect 
EFA  components  both  at  fabrication  and  which  would  be  needed  to  give  data  for  use  in 
any  fracture  mechanics  base  lifeing  programme. 

4 . 1  Ultrasonic  NDT 


This  has  been  the  area  that  has  received  most  research  interest  for  more  than  a 
decade.  A  wide  range  of  theoretical  developments  have  been  made  and  models  of  a 
range  of  types  can  now  be  used  in  the  design  and  validation  of  new  NDE  techniques. 
Current  interest  is  in  the  extension  of  theory  to  cover  more  complex  and  rough 
scatterers  and  solve  inverse  scattering  problems. 

Central  to  almost  all  advanced  ultrasonic  NDT  is  the  move  to  computer  based  systems 
which  are  either  mixed  analog/dlgltal  or  completely  digital.  This  new  technology 
has  opened  the  door  to  a  wide  range  of  improved  imaging,  image  processing,  signal 
processing  and  inversion  schemes  (3C).  A  key  area  in  this  change  has  been  the 
increased  capability  of  high  speed  analogue  to  digital  conversion.  For  transient 
20  MHz  signal  capture,  a  100  or  125  MHz  sampling  capability  is  now  available  in 
several  instruments.  The  availability  of  standard  ultrasonic  transducers  which 
can  operate  at  frequencies  above  50  MHz  has  significantly  improved  the  potential 
detection  capability  in  high  frequency  C-scan  or  acoustic  microscopes.  Standard 
analogue  ultrasonic  instruments  are  now  available  which  work  up  to  150  MHz. 

Ultrasonic  NDT  considers  data  in  two  ways  (27);  1)  an  image  such  as  in  the  form  of 

a  C-scan  or  ii)  analyses  of  scattered  signals.  In  scattered  wave  analysis  data  is 
extracted  from  the  wave  type,  magnitude,  time  of  flight  or  spectra  or  through  the 
use  of  some  form  of  inversion  scheme  such  as  Born  inversion  which  gives  a  defect 
size  as  a  number,  rather  than  data  in  the  form  of  a  normal  image. 

The  ranges  of  sizes  of  defects  of  Interst  for  powder  metal  inspection  defects  are  In 
most  cases  small  and  in  the  range  of  50  to  1000  pm  which  gives  scatterers  in  the  mid- 
frequency  scattering  regime  for  a  range  of  ultrasonic  frequencies.  Simple  imaging 
with  a  C-scan  will  not  adequately  characterise  a  defect  unless  measurements  are 
made  at  a  very  high  frequency,  where  attenuation  Is  higher  and  inspection  depth  Is 
then  limited. 

When  the  detection  capability  of  an  ultrasonic  system  is  evaluated  using  the  responses 
for  flat  bottom  holes  signals  from  ’2/64"  holes  can  be  detected  quite  easily. 

However  any  amplitude  based  size  calibration  has  its  limitations  as  real  defects  are 
found  to  have  acoustic  responses  which  are  much  weaker  than  a  FBH  of  the  same  physical 
size.  In  any  particular  alloy  it  is  the  grain  boundary  scattering  which  can  be 
expected  to  set  the  sensitivity  limit  for  the  system. 

Conventional  ultrasonic  disc  scanning  would  provide  a  C-scan  which  records  signals 
measured  on  the  A-scan  that  cross  various  gates  that  correspond  to  a  spclfic  volume 
of  interest.  The  number  of  bits  or  digitisation  levels  then  becomes  a  key  factor 
in  the  derimination  of  system  sensitivity  and  dynamic  range.  Several  C-scan  systems 
on  the  market  are  only  working  to  4  bit  resolution. 

Given  computer  based  systems  and  digitised  data,  improvements  can  be  made  to  the 
system  signal-to-noise  performance.  Most  techniques  which  improve  the  S:N  have 
implications  with  regard  to  either  scan  times  or  computer  power  needed  or  both. 
Increasing  the  power  to  the  transducer  has  been  shown  to  be  able  to  increase  signal 
levels  by  up  to  12  dB.  The  use  of  focused  transducers  can  also  provide  improvements 
in  power  levels  by  up  to  6dB. 

Averaging  is  found  to  improve  S:N  performance  by  several  dB,  for  example,  in  theory 
if  only  random  noise  is  present  given  some  10  cycles  an  improvement  of  40  dB  could 
be  achieved.  In  practice  between  3  and  6  dB  reductions  in  noise  are  achieved  by  64 
averages;  however  this  does  depend  on  material  properties  and  grain  size.  More 
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complex  techniques  such  as  cross  correlation  and  autocorrelation  could  be  employed. 
Given  a  real  system  an  improvement  of  the  order  of  30dB  in  S:N  can  be  achieved  for  a 
given  signal.  Various  forms  of  deconvolution  can  also  be  employed  to  remove  constant 
background  signals  and  reduce  signals  to  their  Impulse  response  given  the  optimum 
filter.  Dynamic  averaging  can  be  used  on  course  grained  materials  where  the  trans¬ 
ducer  step  is  small  compared  with  significant  defect  sizes  and  the  signals  are 
averaged  in  groups  of  three  or  more  nearest  neighbours.  Signal  processing,  such  as 
deconvolution,  is  also  an  integral  part  of  ultrasonic  spectroscopy. 

Many  papers  have  been  written  on  signal  processing  for  NDT;  however  most  systems 
in  use  for  engine  component  inspection  at  present  appear  to  use  simple  pulse-echo 
measurements  and  A-scans  with  sensitive  analog  ultrasonic  equipment  where  the  record 
1 3  a  C-scan  that  shows  where  signals  have  crossed  gates  set  at  particular  levels. 

Over  the  next  few  years  there  can  be  expected  to  be  increased  use  of  digital 
ultrasonic  instrumentation.  New  transducer  configurations  and  direct  computer  based 
inversion  such  as  Born  inversion  or  SPOT  employed.  Both  immersion  and  water  Jet 
couplant  systems  are  being  employed. 

It  must  be  stressed  that  although  the  use  of  a  digital  system  to  scan  parts  can 
provide  improved  detection  and  characterisation  capability,  this  can  only  be  achieved, 
through  an  Increase  in  the  time  required  to  inspect  a  part.  The  scanning  speed 
available  with  on-line  A/D  conversion  is  relatively  slow,  when  compared  with  the 
data  rates  for  peak  height  gate  detection  achieved  in  conventional  analog  Instruments. 

When  the  ultrasonic  aspects  of  Inspection  are  considered  there  are  three  basic  types 
of  ultrasonic  NDT  that  appear  to  show  the  greatest  potential  for  aero-space  critical 
components  such  as  discs  and  all  these  remain  under  investigation. 

a.  For  bulk  inspection  with  improved  transducers; 

Using  broad  band  or  focused  high  frequency  ultrasonics.  (10  to  50  MHz).  Such  bulk 
inspections  can  be  used  to  produce  an  image  (C-scan)  or  Individual  reflected  pulses 
can  be  studies  and  inversion  schemes  such  as  SPOT  or  Born  inversion  can  be  employed. 
The  digital  systems  now  being  developed  with  colour  graphics  systems  can  give 
Improved  detection  capability.  The  capability  of  the  various  inversion  schemes 
which  are  being  used  to  characterise  small  scatterers  remains  the  subject  of  debate 
and  further  evaluation  work  is  clearly  required. 

b.  For  surface  inspection  two  specific  technologies  are  under  consideration. 

These  involve;  i.  the  use  of  leaky  Rayleigh  waves  and  ii.  the  acoustic  micro¬ 
scopic  at  about  50  MHz.  (31);  a  major  part  of  the  contrast  in  the  acoustic 
microscope  is  due  to  the  presence  of  leaky  Rayleigh  waves,  so  these  technologies 
are  related. 

In  the  case  of  leaky  Rayleigh  waves  generated  with  a  compression  wave  transducer 
set  at  the  leaky  Rayleigh  wave  angle,  a  study  which  uses  about  20  discs  with  both 
real  and  simulated  defects  is  understood  to  have  been  performed  in  Canada  to 
evaluate  the  detection  and  charac terlsation  of  the  technique,  and  also  to  make  a 
comparison  with  eddy  current  methods.  This  study  would  appear  to  Indicate  that 
there  is  considerable  potential  for  this  type  of  inspection,  although  the  findings 
of  the  work  have  yet  to  be  fully  reported  (32). 

The  acoustic  microscope  has  been  developed  significantly  as  an  industrial  tool  by 
GE  in  the  USA  (31)  to  give  an  Instrument  working  mostly  at  50MHz,  but  it  can  be  used 
at  almost  any  frequency  between  10  and  100  MHz,  and  this  has  the  scanning 
capability  to  look  at  complete  discs.  This  work  at  GE  has  taken  this  technology 
from  the  laboratory  onto  the  shop  floor. 

One  difference  between  an  acoustic  microscope  and  a  normal  C-scan  system  used  near 
a  surface  has  been  said  to  be  that  the  C-scan  looks  at  the  compression  wave  signals 
reflected  from  a  particular  plane,  whereas  an  acoustic  microscope  ’.ooks  at  a  combina¬ 
tion  of  compression  and  leaky  Rayleigh  waves  generated  at  a  surface.  The  compression/ 
leaky  Rayleigh  wave  interaction  is  characterised  by  the  V(Z)  cuve. 

Various  other  aspects  of  ultrasonics  remain  of  interest  and  are  areas  for  development. 
In  the  field  of  transducers  the  PVDF  and  related  plastic  transducer  materials  have 
considerable  attraction  in  terms  of  their  bandwidth  capability,  however  todate  their 
sensitivity  has  not  been  as  good  as  that  achieved  with  conventional  ceramics.  Work 
in  the  SONAR  field  may  well  bring  further  developments  which  wil-’  help  NDT  and 
improved  piezoelectric  polymers  can  be  expected  within  5  years. 

Other  areas  for  possible  development  are  the  EMATS,  laser  generated  ultrasound  to 
give  non-contact  inspection  and  the  use  of  phased  arays  for  Improved  scanning. 

EMAT* s  (Electromagnetic  Acoustic  Transducers)  have  now  been  developed  which  can 
operate  up  to  a  frequency  of  about  5  MHz.  The  major  problem  Is  the  generation  of  a 
very  high  magnetic  field  in  a  small  volume  and  the  heating  due  to  the  high  currents 


required  to  flow  in  fine  wires.  They  are  also  attractive  as  they  can  generate  shear 
waves,  both  SH,  SV  and  Compression  waves  depending  on  the  design  used.  They  are  one 
of  the  few  practical  ways  to  provide  SH  waves  which  have  considerable  attraction  for 
use  as  an  Inspection  wave  field,  not  least  because  the  mathematics  used  to  analyse 
the  scattering  problems  is  much  easier  than  for  SV-C  wave  problems. 

However  it  is  doubtful  that  EMAT's  using  conventional  technology  will  be  available 
to  operate  above  10  MHz  within  5  years.  The  use  of  superconductivity  may  provide 
the  necessary  technology,  but  such  ideas  have  not  yet  started  to  be  developed. 

Laser  generation  of  ultrasound  is  an  area  of  current  work  (33).  It  has  considerable 
potential  for  non-contact  inspection.  Given  optical  fibre  technology  using  this 
form  of  ultrasound  generation  and  detection  it  may  be  possible  to  provide  Inspection 
inside  a  complete  engine  in  much  the  same  way  that  an  optical  inspection  can  be 
performed  now.  Work  is  in  progress  to  understand,and  usefboth  the  surface  waves  and 
the  bulk  waves  given  using  laser  generation  of  ultrasound.  This  is  at  present  a 
laboratory  technology,  although  at  least  one  equipment  company  has  demonstrated  a 
commercial  Instrument. 

There  has  been  significant  Interest  in  the  development  of  phased  array  ultrasonic 
systems.  Most  of  this  work  has  been  limited  to  the  inspection  of  thick  steel 
sections  in  the  nuclear  Industry.  Todate  many  systems  have  operated  at  low 
frequencies  and  the  numbers  of  elements  in  the  arrays  have  been  limited,  not  least 
because  of  the  complexity  of  the  electronics  involved.  Complex  arrays  are  used 
extensively  in  medical  ultrasonics  and  in  the  fields  of  Sonar  and  Radar.  If  the 
costs  can  be  reduced  there  is  potential  for  the  application  of  this  type  of 
technology  in  NDT.  Linear  arrays  and  simple  cylindrical  arrays  are  being  employed 
In  medical  systems,  but  as  with  nuclear  Inspection  this  tends  to  be  at  a  lower 
frequency  (  5MHz)  than  that  used  in  aero-space  NDT. 

In  addition  to  a  vast  programme  of  NDT  research  for  aero-space  disc  inspections, 
a  wide  range  of  projects  and  systems  have  been  developed  for  power  generation 
turbine  inspection.  This  has  included  work  on  blade,  disc  and  shaft  inspection. 
Digital  NDT  sets  have  been  developed  in  the  USA  for  EPRI  (34).  One  type  of  system 
of  possible  Interest  for  use  on  EFA  are  the  rotor  shaft  bore  inspection  tools. 

These  include  heads  with  a  range  of  transducers  connected  to  a  multiplexer  and  a 
computer  based  data  recording  system.  Similar  technology  is  under  development  in 
the  UK. 

In  the  197 ^  data  given  in  Table  1  it  was  stated  that  a  laboratory  detection  limit 
for  surface  cracks  in  steel  using  ultrasonics  is  0.12  mm  (120  urn)  and  a  production 
limit  of  3mm  could  oe  achieved.  Using  leaky  Rayleigh  waves  at  10  MHz,  cracks  of 
0.05  nun  (50  um)  are  easily  detected  on  a  good  surface.  When  focused  ultrasound  has 
been  used  on  powder  metal  with  a  grain  size  of  10  um  ceramic  inclusion  down  to  50  um 
can  be  detected  with  a  70 %  POD. 

Various  defect  characterisation  schemes  such  as  Horn  and  SPOT  (which  give  type,  size 
and  orientation  data)  are  now  available  for  evaluation  on  real  components.  Given 
improvements  in  transducers  and  automated  digital  instrumentation  production  ultra¬ 
sonic  NDT  should  be  capable  of  development  within  5  years  to  get  close  to  the  50  um 
limit  for  reliable  inspection  of  powder  metals  where  the  grain  size  is  10  um  or  less 
When  the  system  now  available  at  the  USAF  Kelly  Air  Force  base  is  evaluated  and  the 
results  reported  it  may  be  found  that  this  level  of  performance  has  already  been 
achieved  in  an  automated  system  for  use  outside  the  laboratory. 

For  complex  parts  the  use  of  robotic  systems  using  non-contact  ultrasonic  techniques 
leaky  Rayleigh  waves,  EMATfs  and  laser  generated  ultrasound  all  have  attractions  and 
can  be  expected  to  be  evaluated. 

4 • 2  Eddy  Current  NDT 

Eddy  currents  have  been  demonstrated  to  have  a  good  capability  for  defect  detection 
using  automated  linear  probe  scanners  for  disc  and  blade  fir  tree  regions  and 
rotating  probes  for  use  in  bore  holes.  Eddy  current  NDT  can  in  many  geometries  be 
expected  to  detect  defects  with  a  high  reliability  down  to  crack  depths  smaller 
than  0.010  inch  (*0.24  mm)  and  in  some  cases  to  half  this  figure. 

The  science  base  for  the  quantitative  understanding  of  eddy  current  defect  inter¬ 
action  is  weak.  Theory  based  on  analytical  solutions  is  limited  to  symmetric 
geometries  and  non-magnetic  (linear)  isotropic  media  with  coils  made  from  a  single 
loop.  A  summary  of  much  of  the  available  theory  has  been  provided  by  Tegopoulos 
and  Kriezis  (35)-  The  current  state  of  mathematical  modelling  for  NDT,  Including 
for  eddy  currents  has  been  reviewed  by  Georgiou  and  Blakemore  (36).  Most  recently 
there  has  been  progress  with  an  exact  analytical  solution  for  short  air  cored  coils 
near  a  half space  provided  by  Burke  (36,37)* 

Todate  little  has  been  done  to  extract  more  quantitative  sizing  data  from  the 
conventional  eddy  current  Impedance  plane  displays.  Multifrequency  instruments 
have  been  introduced  and  eddy  current  arrays  are  being  investigated.  However  most 
systems  still  use  a  relative  rather  than  quantitative  sizing  technique. 
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Further  significant  Improvements  In  the  fundamental  science  base  for  eddy  current 
defect  interaction  can  be  expected  within  5  to  10  years.  Progress  is  being  made 
by  several  groups.  The  complete  analytical  solutions  for  many  3-D  probe-field- 
defect  interactions  cannot  be  expected,  at  least  in  the  short  term,  but  numerical 
models  and  approximate  theories  are  being  developed,  although  progress  does  remain 
slow. 

Major  progress  has  been  made  in  terms  of  detection  capability  using  small  ferrite 
cored  probes  such  as  those  produced  by  Rolls  Royce  ( 14) .  In  the  USA  the  Y1G  sphere 
has  been  developed  as  a  sensor  at  Stanford  University  and  this  is  under  evaluation 
by  GE,  with  USAF  support. 

As  with  ultrasonics,  advanced  analog  and  digital  eddy  current  NDT  systems  are  under 
development.  Also  automated  scanning  has  already  significanly  improved  the  detection 
capability  that  has  been  achieved  on  real  components.  Multifrequency  instruments 
can  be  expected  to  be  developed  further.  New  forms  of  data  treatment,  eddy  current 
inversion  and  data  display  are  all  under  consideration.  At  present  the  major  problem 
is  the  lack  of  adequate  forward  models  for  the  field-defect  interactions. 

Eddy  current  systems  which  employ  the  Nortec  33  are  part  of  the  Kelly  USAF  base 
inspection  system.  (28)  Also  as  part  of  this  program  a  range  of  small  probes 
are  being  developed  and  evaluated.  (38)  For  eddy  current  inspection  the  probe 
design  is  a  crucial  element. 

In  addition  to  conventional  eddy  current  NDT  there  are  various  potential  drop 
techniques;  DC -PD  and  AC-PD.  Significant  progress  has  been  made  in  the  application 
of  ACPD  or  ACFM  to  offshore  structures.  (25)  The  theory  involved  in  field-defect 
interaction  is  simpler  than  for  conventional  eddy  currents.  It  is  a  technique  which 
has  been  extensively  developed  to  monitor  crack  growth  in  fatigue  studies.  Point 
contacts  are  required  to  measure  the  potential  on  the  part.  As  yet  little  data  is 
available  to  indicate  what  its  detection  limit  is  for  the  smallest  detectable 
defect  and  no  POD  data  is  available  for  disc  inspection. 

Two  new  electromagnetic  NDT  systems  have  recently  become  available.  The  first 
system  is  made  by  FN  Industries  and  it  is  designed  for  turbine  disc  inspection.  The 
system  uses  Nortec  eddy  current  equipment,  and  Intelledex  Robot  and  DEC  computers. 

Few  details  have  been  released  but  its  specification  states  that  it  inspects  discs 
with  a  maximum  diameter  of  1200  mm  and  with  a  thickness  of  500  mm.  The  claimed 
inspection  capability  is  detection  down  to  0.8  mm  (800  um)  surface  length. 

The  second  system  uses  Electric  Current  Perturbation  methods  and  it  has  been 
developed  by  Southwest  Research  Institute  for  use  on  non-magnetic  super  alloys  and 
evaluated  on  the  F-100  engine  discs.  The  ECP  system  can  be  used  to  scan  a  wide 
range  of  disc  regions.  Traces  have  been  shown  with  indications  from  notches  down 
to  0.22  x  0.05  mm.  Good  signal  to  noise  is  being  given  for  defects  of  0.47  x  0.17  mm. 

In  the  data  given  in  Table  1  the  eddy  current  laboratory  limit  was  given  as  0.15  mm 
(250  um)  and  the  production  limit  was  given  at  2.5  mm.  It  has  been  reported  that 
using  Rolls  Royce  probes  with  conventional  equipment  defects  down  to  30  thou  long 
and  10  thou  deep  ( ^  0.65  x  0.25  mm)  are  being  detected.  A  crucial  element  in 
determination  of  the  detection  limit  is  combination  of  surface  state,  probe  design 
and  its  frequency,  and  both  the  material  properties  and  the  geometry. 

4 . 3  Radiography 

There  have  been  very  considerable  advances  in  radiography  in  recent  years.  Much  work 
has  been  performed  in  the  medical  field  and  there  is  technology  which  could  be  applied 
to  NDT  problems. 

Two  areas  where  there  have  been  particular  developments  are  in  microfocus  X-ray  and 
computed  Tomography  (CT).  This  is  now  being  developed  for  limited  sector  scanning 
which  has  considerable  potential  for  both  turbine  blade  and  olisk  Inspection. 

The  use  of  microfocus  techniques  has  reduced  the  spot  size  and  projection  radiography 
combined  with  new  thin  solid  state  detectors  has  improved  system  resolution  when 
compared  with  the  data  given  in  Table  1. 

The  major  developments  have  been  in  the  sytems  which  have  been  produced.  A  system 
XIM;  x-ray  automated  turbine  blade  inspection  system  (39)  has  been  developed  by  GE. 
This  claims  that  the  goals  of  90*  probability  of  detecting  flawed  blades  at  95* 
confidence  were  exceeded  when  running  automatically  with  automatic  image  processing. 
This  sytem  uses  both  digital  fluoroscopy  and  computerised  tomography.  As  yet  no 
complete  statistics  are  available  and  a  full  evaluation  in  a  factory  away  from  the 
production  team  has  yet  to  be  completed.  It  is  however  clear  that  this  system  is 
a  significant  development. 
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Some  of  the  best  quality  images  of  blades  available  appear  to  be  those  obtained 
using  a  Bio-Imaging  Research  Inc  system  known  at  RADAPT(4);  which  has  16  bit 
digital  data  capture  and  a  range  of  image  processing.  This  company  is  also  working 
on  limited  angle  CT  systems.  In  addition  to  a  range  of  hardware  a  computer  based 
image  simulation  system  is  available  to  enable  predictions  of  performance  to  be 
made.  Using  the  limited  angle  CT  there  would  appear  to  be  potential  for  scanning 
bllsks,  but  it  Is  going  to  depend  on  specific  geometries. 

It  Is  to  be  expected  that  within  10  years  CT  systems  will  be  used  for  the  routine 
inspection  of  turbine  blades.  Real  time  radiography,  and  digital  radiography  based 
on  solid  state  detectors  can  be  expected  to  be  develped  further.  A  major  factor 
which  may  limit  their  use  in  NDT  is  the  initial  capital  cost  of  a  system. 

When  a  CT  system  is  used  there  can  be  solid  state  detector  widths  down  to  4  thou 
which  can  give  25  micron  spatial  resolution.  The  detection  capability  for  density 
change  is  0.02%.  This  figure  was  obtained  for  CT  on  a  hemisphere  of  polymer  of 
about  6"  in  diameter.  This  data  can  be  compared  with  defect  detection  limits  in 
steel  of  0.5  mm  given  in  Table  1. 

4 . 4  Penetrant  NDT 


Dye  and  fluorescent  penetrant  inspection  are  commonly  used  Inspection  techniques 
applied  to  blades  and  small  discs.  However  as  already  stated  the  capability  of  this 
technology  can  be  unreliable.  The  major  problems  have  been  associated  with  the  human 
factors  involved  in  viewing  each  individual  blade  in  a  dark  room.  There  is  a  large 
uncertainty  In  the  POD  due  to  this  human  factor.  It  has  been  shown  that  the  best 
improvements  in  POD  are  achieved  through  the  use  of  several  independent  inspections. 

As  in  other  fields  of  aero-space  NDT  automated  blade  viewing  systems  are  being 
developed.  Work  has  been  performed  by  Rolls  Royce  to  give  a  system  which  uses  laser 
scanning  to  detect  remaining  penetrant.  Similar  work  is  in  progress  in  the  USA. 

Only  limited  data  has  been  found  which  quantifies  the  performance  of  the  current 
automated  and  semiautomated  penetrant  inspection.  This  technology  can  be  expected 
to  remain  in  common  use  for  large  area  inspection;  the  current  best  practice  must 
become  the  norm.  In  the  course  of  the  next  few  years  the  various  completely  automated 
penetrant  systems  can  be  expected  to  be  In  operation  and  evaluated. 

It  has  been  predicted  that  the  detection  of  surface  cracks,  inclusions  and  large 
grains  in  forged  and  cast  materials  will  within  the  next  5  to  10  years  be  performed 
by  automatic  systems  that  will  replace  humans  used  for  surface  inspection  in  dye 
penetrant  Inspection. 

4.5  Characterisation  of  defect  populations 

As  new  materials  are  introduced,  in  particular  powder  metals  data  is  needed  to 
establish  expected  defect  types  and  their  characteristics.  Data  is  needed  to 
establish  possible  inclusion  materials.  Also  it  is  clear  that  as  soon  as  a 
particular  class  of  defects  are  identified  steps  will  be  taken  to  change  the 
production  process  to  remove  them.  Defects  in  powder  metal  material  can  therefore 
be  expected  to  be  random  in  their  nature  and  characteristics. 

5 .  Conclusions 


The  best  detection  capability  for  the  various  NDT  technologies  available  in  the 
laboratory  would  in  all  cases  appear  not  to  have  significantly  improved  since  the 
mid  1970's.  However  the  ability  to  apply  the  technologies  in  industrial  environ¬ 
ments  has  been  significantly  improved  over  the  past  decade. 

The  largest  single  factor  which  has  caused  the  probability  of  detection  Improvement 
In  industrial  NDT  has  been  instrumental ion  development. 

Computer  based  digital  systems,  automated  inspection  and  increasingly  robotics  will 
increasingly  be  employed  in  engine  NDT. 

The  improved  science  base  has  also  been  of  Importance  In  the  general  move  from 
qualitative  to  quantitative  NDE. 

When  the  various  NDT  technologies  are  considered; 

5.1.  Ultrasonics  (in  all  its  various  forms) 

An  adequate  science  base  for  forward  modelling  is  now  available  for  many  problems 
which  involve  simplest  defects.  For  specific  systems  the  ability  to  make  good 
predictions  of  performance  is  now  available.  Major  developments  are  expected  to  be 
in  the  field  of  automated  systems,  digital  instrumentation,  automated  inversion 
schemes  and  possibly  through  the  Introduction  of  artificial  intelligence  (AI) 
techniques.  Ultrasonics  can  be  used  for  both  surface  and  body  defects.  On  powder 
metals  various  forms  of  ultrasonic  NDT  can  be  expected  to  perform  well  down  to 
defect  sizes  of  100  urn  and  probably  down  to  50  um  (0.05mm)  for  defects  including 
voids.  Inclusions  and  open  fatigue  cracks.  Complex  geometry  does  introduce 
limitations  on  where  it  can  be  employed  on  finished  parts.  In  new  materials  more 
information  on  defect  populations  is  required. 
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5.2  Eddy  current/other  electromagnetic  techniques 

The  science  base  for  eddy-current  defect  interaction  is  still  weak.  This  is  an 
area  of  considerable  current  work.  Conventional  eddy  current  instruments  display 
the  Impedance  plane;  such  displays  and  data  extraction  are  not  adequate  for 
quantitative  NDE.  The  use  of  multifrequency  instruments  can  be  expected  to  be 
extended.  Improved  probes  can  be  expected  to  be  introduced  into  many  systems. 

New  displays  and  data  extraction  techniques  which  include  scanning  data  are  being 
researched.  Defects  down  to  30  thou,  surface  breaking  length  and  about  10  th^>u. 
deep  (  0.75  x  0.25  mm)  and  in  some  cases  down  to  0.005  inch  (0.12  mm  or  120  um) 
deep  cracks  can  now  be  detected  in  many  components  including  where  the  geometry  is 
complex  such  as  in  bolt  holes  or  on  blade  fir  trees. 

5*3  Radiography 

There  is  a  well  established  science  base.  The  major  developments  here  are  in  the 
fields  of  microfocus  systems  and  the  development,  and  move  to  use,  real  time  imaging 
systems,  including  those  which  employ  digital  image  processing.  Automated  image 
analysis  is  under  consideration;  however  manufacturing  tollerances  and  image 
analysis  tollerances  are  causing  very  high  defect  identification  rates.  Defect 
detection  capability  depends  on  contrast  between  defect  and  host;  definable 
detection  levels.  Computerised  tomography  can  be  expected  to  become  routine  for 
blade  inspection. 

5.4  Penetrants 

Completely  automated  systems  which  include  defect  analysis  can  be  expected  to  be 
available  within  10  years.  The  current  performance  is  variable;  defects  with 
depths  of  0.010  Inch  (0.24  mm)  or  less  can  be  detected  but  the  reliability  is  poor. 
The  best  current  practice  must  become  the  norm.  This  technology  is  in  common  use 
and  it  can  be  expected  to  remain  a  major  Inspection  tool  for  large  areas,  but  it  is 
only  sensitive  to  surface  breaking  indications.  There  is  a  lack  of  a  quantitative 
science  base. 
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TABLE  l-Estiuated  variations  in  flaw  detection  linits  by  type  of  inspection  (in  w)  (in  Pettit  &  krupp,197&). 


NOT  Technique 

Surface  cracks 

Internal  flaws 

Processing 

Fatigue 

Voids 

Cracks 

Test  specimens,  laboratory  inspection 

Visual* 

1.2S 

0.75 

♦ 

♦ 

Ultrasonic 

0.12 

0.12 

0.35 

2.0 

Magnetic  particle 

0.75 

0.75 

7.5 

7.5 

0.25 

0.5 

♦ 

♦ 

Radiography 

0.5 

0.5 

0.25 

0.75 

Eddy  current 

0.25 

0.25 

♦ 

♦ 

Production  parts,  production  inspection 

Visual 

2.5 

6.0 

♦ 

♦ 

Ultrasonic 

3.0 

3.0 

5.0 

3.0 

Magnetic  particle 

2.5 

4.0 

♦ 

♦ 

Penetrant 

1.5 

1.5 

♦ 

♦ 

Radiography 

5.0 

* 

1.25 

* 

Eddy  current 

2.5 

5.0 

♦ 

♦ 

Cleaned  structures,  service  inspection 

Visual 

6.0 

12.0 

♦ 

♦ 

5.0 

5.0 

4.0 

5.0 

Magnetic  particle 

6.0 

10.0 

♦ 

♦ 

1.25 

1.25 

♦ 

♦ 

Radiography 

12.0 

* 

4.0 

* 

Eddy  currant 

5.0 

6.0 

♦ 

♦ 

♦  Not  applicable,  t  Use  with  uagnifer.  *  Not  possible  for  tight  cracks.  (Based  on  25-m*  ferritic  steel, 
surface  63  RMS.) 
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TABLE  2 

ENSIP  NDT  Preliminary  conculsions  -  Aero  engine  parts 


Average  Best  mm 


Magnetic  inspection 

POD  60$  - 

. 300"  crack 

65*  - 

.250" 

6.35 

Penetran  inspection 

90$  - 

.220" 

90*  - 

.175" 

9.95 

Eddy  current 

90$  - 

.090" 

90*  - 

.030" 

0.76 

Ultrasonic 

80$  - 

.  375" 

90*  - 

.  180" 

9.57 

Average  results  obtained  from  majority  of  technicians 
Best  results  obtained  from  top  10$  technicians 


TABLE  3 

ENSIP  Requirements  for  Equipment  improvement 

Equipment  Improved  signal-noise  ratio 

Channel  attention  of  inspector 
to  flaws 

Provide  positive  assurances 
equipment  is  performing 
intended  function 

Automate  control  and 
programme  functions 
susceptible  to  human  error 


Figure  1  -  Probability  of  Detection  using  Eddy  Current 
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MfASUniOMPTH  INCt«FS 

Figure  2  -  Probability  of  Detection  using  Fluorescent  Penetrant  Inspection  (FPI) 


Figure  3  -Probability  of  detection  for  Inclusions  in  ceramics. 
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Synopsis 

Several  well  publicized  engine  and  airframe  failures  which  occurred  in  the  late  1960  to  mid  1970’s  time  frame  resulted  in  emphasis  on 
development,  application  and  quantification  of  nondestructive  evaluation  (NDE)  as  opposed  to  reliance  on  a  “Zero  Defects"  design  philosophy.  As 
the  use  of  fracture  mechanics  as  a  basis  for  damage  tolerance  and  retirement  analysts  of  components  became  established,  additional  emphasis  was 
placed  on  screened  flaw  sizes,  NDE  and  quantification  of  reliability.  In  the  late  1970’s  a  structural  assessment  was  conducted  on  the  design  of  the 
F100  engine  which  resulted  in  a  series  of  relatively  sophisticated  “safety  inspections”  for  selected  critical  components.  The  Retirement  for  Cause 
philosophy  also  coupled  NDE  and  component  lifing  analyses  to  enable  return  to  service  decisions  for  engine  components.  These  activities  were 
(and  are)  performed  usually  after  the  component  designs  have  been  finalized.  The  establishment  of  “Engine  Structural  Integrity  Programs 
(ENSIP)"  for  new  U.S.  military  engine  systems  has  now  made  NDE  considerations  an  integral  pan  of  the  design  process.  Classification  of 
components,  fracture  mechanics  analyses,  critical  flaw  sizes,  material  quality.  NDE  and  quantification  of  inspection  reliability  are  now  incorporated 
in  the  initial  design  process  and  directly  influence  the  resultant  component  deigns  Statistically  based  probabilistic  approaches  are  supplementing  the 
deterministic  methods  previously  used.  This  paper  discusses  the  relationships  of  NDE  needs  and  component  design  in  light  of  the  evolution  of  the 
ENSIP  approach  for  gas  turbine  engine  component  designs. 

Background 

Nondestructive  evaluation  (NDE)  requirements  for  aircraft  gas  turbine  engine  components  had  traditionally  been  defined  after  the  designs  of  those 
components  have  been  established  and  the  engines  were  in  production  and  operation.  The  usual  scenario  had  stringent  inspection  requirements 
imposed  upon  an  engine  component,  or  class  of  components,  as  a  result  of  an  unexpected  operational  occurrence.  To  maintain  safety  or  reduce 
maintenance  costs,  an  inspection  requirement  was  defined,  and  all  suspect  components  inspected,  allowing  the  components  to  be  cleared  for 
continued  use  or  mandating  their  replacement.  Often  the  resulting  inspection  requirements  pressed  the  state-of-the-art  of  nondestructive 
evaluation  technology.  The  common  complaint  of  the  NDE  specialist  was  that  with  no  advance  notice  the  required  NDE  techniques  were  not 
available,  requiring  frantic  development  and  implementation  activity.  In  response,  the  engine  designer  would  apologetically  state  that  the  particular 
occurrence  was  unforeseen;  therefore  no  advance  notice  could  be  given,  (but  please  hurry). 

The  root  cause  of  this  dichotomy  was  the  design  philosophy  in  use  in  the  1960's.  This  philosophy  emphasized  reduction  in  engine  weight  to 
maximize  thrust-to- weight  ratio.  Low  cycle  fatigue  was  the  criteria  for  lifing  purposes,  with  life  expressed  as  operating  time  or  cycles  to  initiate 
some  detectable  crack  size,  usually  0.8mm.  Materials  development  goals  were  to  increase  the  strength  of  materials  enabling  higher  operating 
stresses  resulting  in  weight  reduction.  Generally,  increasing  the  strength  of  metal  alloys  also  increased  the  low  cycle  fatigue  crack  initiation  life  of  the 
alloys.  Components  were  designed  to  be  retired  and  replaced  at  that  life.  Experience  has  shown  however,  that  increasing  the  strength  of  a  material 
often  results  in  a  reduction  in  its  resistance  to  crack  growth  or  Us  damage  tolerance  capability.  This  trend  is  shown  schematically  in  Figure  1.  with 
example  engines  plotted  for  reference.  At  the  time  however,  this  was  not  the  primary  concern.  Inspection  was  used  in  the  manufacturing  process  to 
support  the  “Zero  Defects'  philosophy.  That  is,  if  something  was  found  the  component  was  rejected;  if  nothing  was  found  the  component  had  no 
flaws.  Inspection  techniques  were  generally  not  quantified.  What  was  known  was  only  what  was  found,  not  what  may  have  existed  but  was  not 
found.  The  consensus  was  that  nondestructive  evaluation  practitioners  could  find  anything  that  might  be  present  -  But  then,  designers  and 
manufacturers  didn’t  produce  components  with  flaws  anyway. 

Several  well  publicized  engine  and  airframe  failures  in  the  ensuring  time  period  resulted  in  a  change  in  this  philosophy.  Failure  of  a  high  energy 
(routing)  component  in  an  aircraft  engine  usually  results  in  catastrophic  consequences  for  that  engine.  Although  most  engines  are  designed  to 
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contain  wane  tauures,  tanure  of  a  fan,  compressor  or  turbine  disk  or  spacer  resubs  in  Iocs  of  power,  destruction  of  the  engine  and  often  significant 
damage  to  adjacent  structures.  Even  a  contained  blade  failure  can  cause  loss  of  power  or  engine  shutdown  which  can  also  have  catastrophic 
consequences  for  a  single  engined  aircraft.  Structural  integrity  of  the  high  energy  components  in  a  gas  turbine  engine  is  therefore  a  critical  factor  in 
aircraft  safety. 

Cooper  and  Forney  (reference  1)  reviewed  United  States  Air  Force  (USAF)  engine  structural  failure  incidents  over  the  time  period  1962  through 
1977.  In  that  fifteen  year  period  235  accidents  were  reported  to  have  occurred  as  a  result  of  engine  component  failures-  These  failures  may  be 
segregated  (Table  1)  by  component  type  and  engine  section:  73  in  fan/compressor  sections;  67  in  the  turbine  section;  41  in  the  combustor  section; 
39  in  bearings  and  15  in  the  augmentor  (afterburner  or  reheat)  section.  Similar  data  exist  for  commercial  engine  failure  incidents.  The  principal 
cause  of  mow  of  these  failures  was  reported  to  be  either  an  inherent  material  or  manufacturing  flaw  that  escaped  detection  during  the 
manufacturing  process,  or  service  induced  flaws  resulting  from  inadequate  design,  foreign  object  or  handling  damage,  or  a  change  in  the  usage  of 
the  engine. 

.ABLE  I 

REPORTED  USAF  STRUCTURAL  FAILURE  INCIDENTS 
IN  TIME  PERIOD  1962  -  1977’ 

EngiiM  S«cuoc  Component  Type  Number  Total 

F»n/ComprM*or  Pan  Blade*  5 

Fan  Otok*  1 

Compreaaor  Blades  34 


Comprcnor  Dteiu  9 

Vanee  12 

Other  12  ?3 

Turbine  Blade*  33 

Dkka  20 

Vanes  3 

Other  9  47 

Combustor  41 

Bearings  JP 

Augmentor  15 

Total  233 


*  From  Cooper  and  Forney,  Reference  1. 

The  immediate  impact  of  a  failure  is  usually  well  publicized  in  terms  of  human  tragedy  and  toss  of  hardware.  The  significant  economic  impact 

- the  expense  necessary  to  remedy  the  cause  of  failure - is  not  often  immediately  visible.  This  includes  the  cost  of  one  time,  or  continuing, 

inspections  of  the  components,  the  replacing/retroftoing  of  components  and/or  the  unplanned  maintenance  burden  necessary  to  prevent  similar 
failures  in  the  future.  When  one  considers  the  large  number  of  gas  turbine  engines  in  service  world  wide,  the  economic  incentive  to  minimize  the 
numbe,  of  component  failures  is  immense.  The  realization  of  the  safety  and  economic  impact  of  these  failures  promoted  the  evolution  of  the 
damage  tolerance  philosophy  in  the  design  and  operation  of  gas  turbine  engines.  The  “Zero  Defects’  concept,  while  admirable,  could  not  solely 
stop  component  failures,  as  the  Cooper  and  Fomey  information  indicates.  To  prevent  failures  from  occurring,  the  relationship  between  NDE  needs 
and  design  had  to  change  from  a  failure  driven,  after  the  fact  imposition  of  requirements  on  the  inspection  community,  to  an  interaction  of  NDE 
needs  while  the  components  were  in  the  initial  design  phase.  The  current  expression  of  this  philosophy  for  new  USAF  engine  designs  is  the  Engine 
Structural  Integrity  Program  (ENSIP)  embodied  in  a  United  States  military  standard  (reference  2).  Adherence  to  this  standard  assures  that 
interaction  of  NDE  needs  and  engine  design  occurs  in  the  initial  design  and  manufacturing  stages  with  the  goal  of  failure  prevention.  It  is  hoped  that 
the  unexpected  failure  -  reaction  mode  of  the  past  will  be  minimized,  thus  both  lowering  system  life  cycle  costs  and  improving  the  state  of  system 
readiness. 

FI 00  Structural  Assessment  and  Retirement  For  Cause 

Two  activities  which  started  in  the  late  1970's  will  be  reviewed  here  as  much  of  the  philosophy  and  many  of  the  concepts  used  in  damage  tolerance 
design,  and  incorporated  into  ENSIP.  were  developed  or  demonstrated  by  these  activities. 

The  F100  engine  is  an  augmented  turbofan  in  the  110  kN  thrust  class  with  a  thrust  to  weight  ratio  of  8  to  1.  The  engine  became  operational  in  the 
early  1970’s  in  the  F-15  fighter  aircraft,  and  is  currently  in  operational  service  around  the  world  in  both  the  twin  engine  F-15.  and  the  single 
engine  F-I6  fighter  aircraft.  This  engine  is  an  axial  flow,  low-bypass,  high  compression  ratio,  twin-spool  gas  turbine  with  an  annular  combustor  and 
common  flow  augmentor.  It  has  a  three-stage  fan  driven  by  a  two-stage,  low-pressure  turbine  and  a  ten-stage  compressor  driven  by  a  two-stage 
high-pressure  turbine.  A  composite  sketch  of  some  rotor  components  of  this  engine  is  shown  in  Figure  2.  This  sketch  illustrates  some  typical  rotor 
component  configurations  and  delineates  nomenclature  that  is  used  in  this  paper. 


Figure  2.  Composite  Sketch  Of  Typical  Rotor  Components  Of  A  Gas  Turbine  Engine 


3*3 


In  tight  of  the  past  experiences  with  component  failures  of  other  engines  and  because  of  the  critical  nature  of  the  FI 00  engine  to  the  USAF’s  (and 
other  Air  Force’s)  F-1S  and  F-16  weapon  systems,  it  was  important  to  obtain  the  best  possible  visibility  of  that  engine’s  future  structural 
maintenance  needs  and  component  bfe  expectations. 

Accordingly,  an  in  depth  structural  assessment  was  performed  on  this  engine  by  a  multi-disciplinary  team.  The  general  objectives  and  process  for 
that  assessment  are  shown  schematically  in  Figure  3  (Reference  3). 


Figure  3.  Objectives  And  Major  Elements  Of  Structural  Assessment  And  Retirement  For  Cause  Activities  For  The  Ft 00  Engine 

One  of  the  primary  objectives  was  to  define  inspection  requirement*  necessary  to  protect  the  structural  safety  throughout  the  anticipated  service 
life,  thus  preventing  failures.  This  included  identification  of  compcnents  and  features  to  be  inspected,  when  the  inspections  should  be  conducted, 
what  inspection  procedures  should  be  used  and  the  attendant  logistics  impacts.  This  information  was  then  used  to  guide  the  development  of  the 
required  inspection  capability.  A  second  objective  was  to  establish  economical  modification  and/or  repair  options  where  it  was  anticipated  they 
could  be  utilized.  All  of  these  activities  were  integrated  to  form  an  overall  force  structural  maintenance  plan  for  the  engine. 

Retirement  for  Cause  is  a  methodology  that  allows  each  component  to  be  used  to  the  full  extent  of  its  safe  total  fatigue  life.  This  methodology  allows 
use  of  selected  components  beyond  their  classically  calculated  crack  initiation  low  cycle  fatigue  life.  It  also  emphasizes  the  use  of  NDE  and  fracture 
mechanics  for  failure  prevention,  and  has  provided  a  means  for  the  ultimate  coupling  of  NDE  needs  and  engine  design  via  probabilistic  techniques. 
The  procedure  has  been  implemented  for  selected  rotating  components  of  the  FI 00  engine.  This  activity  was  discussed  in  detail  at  the  1981 
AGARD  Specialists  Meeting  ‘Maintenance  in  Service  of  High  Temperature  Parts"  (reference  4).  and  in  subsequent  USAF  reports  (reference  5). 

These  F100  engine  activities  were  important  in  that  they  formalized  the  approach  and  methods  now  in  use  to  define  the  relationship  of  NDE  needs 
and  component  design  for  United  Slates  military  gas  turbine  engines.  The  balance  of  this  paper  will  discuss  this  relationship  from  that  perspective 
and  from  within  the  ENSIP  context.  Rotating  components  such  as  disks,  hubs,  and  a trsea Is/ spacers  will  be  emphasized. 

The  Design  Approach 

The  overall  sequence  by  which  an  engine  progresses  from  concept  to  reality  is  shown  in  Figure  4.  At  every  step,  lessons  learned  feedback  to  the 
detailed  mechanical  design  stage,  which  is  the  heart  of  the  process.  This  feedback  can  result  in  an  alteration  of  the  design  which  then  proceeds 
anew  through  the  process.  In  addition  to  the  classical  form,  fit  and  function  considerations,  damage  tolerance  is  addressed  at  this  stage,  and 
permeates  all  aspects  of  the  design  activity.  It  is  herein  that  NDE  concerns  are  initially  addressed. 


_PHAS£  STAGE  FEEDBACK 


Figure  4.  Detailed  Mechanical  Design  Is  The  Heed  Of  The  Engine  Maturation  Process 


3-4 


The  current  component  design  approach  now  recognizes  that:  (1)  Damage,  such  as  cracks  or  crack -tike  defects  can  occur  despite  stringent 
preventative  actions  taken  to  protect  against  it;  (2)  NDE  capability  exists  (hat  will  permit  detection  of  damage  prior  to  complete  component  failure; 
and  (3)  High  energy  components  must  be  designed  with  adequate  residual  strength  and  crack  growth  capacity  to  prechide  failures  from  damage 
incurred  between  scheduled  maintenance  and/or  inspection  actions.  That  damage  may  result  from  either  manufacturing  or  in-service  related 
occurrences.  Manufacturing  damage  typically  occurs  from  material  or  process  related  anomalies,  while  in-service  damage  may  occur  as  a  result  of 
mishandling,  foreign  object  damage  (FOD)  or  low  cycle  fatigue  initiated  cracks. 

Damage  from  manufacturing  defects  and  fatigue  initiated  cracks  can  be  minimized  by  use  of  damage  tolerance  criterion.  These  criteria  are  usually 
based  on  fracture  mechanics  analyses  tied  to  an  acceptable  initial  flaw  size  which  is  supported  by  demonstrated  manufacturing  and/or  in-service 
NDE  capability.  The  acceptable  assumed  flaw  size  is  generally  considered  to  be  the  smallest  size  which  can  be  reliably  detected  (found)  with 
available  NDE  techniques  for  a  given  component  configuration. 

The  term  NDE  reliability  as  traditionally  used  encompasses  both  a  probably  of  detection  (POD)  and  a  confidence  level  for  a  specie  flaw  size:  NDE 
capability  implies  both  an  inspection  technique  and  its  reliability.  The  flaw  size  established  is  then  used  as  a  starting  point  for  fracture  mechanics 
analyses  to  predict  remaining  life  during  crack  growth  and  residual  strength  capacity  of  a  component's  features  and  hence  the  component. 

Component  Classification 

Early  in  the  design  stage  (or  as  a  first  step  in  a  damage  tolerance  assessment  of  an  existing  design)  all  components  are  reviewed  for  failure 
consequences  to  identify  critical  components.  Critical  components  are  those  that  experience  significant  combinations  of  centrifugal,  maneuver, 
pressure  or  gas  bending  loads,  steady  state  or  transient  temperatures,  and  vibration.  Functional  type  items  such  as  seals,  springs,  fasteners  and 
mechanical  mechanisms  are  also  Included  in  the  review.  The  preliminary  segregation  of  components  into  classes  is  based  on  collective  “corporate 
experience";  -  historical  records,  experience  gained  during  engine  development  testing,  the  lessons  learned  and  engineering  judgement.  The  major 
focus  is  usually  on  life  limited  components,  particularly  those  in  the  high  energy  (routing)  sections  of  the  engine.  From  this  review  components  can 
be  classified  as  either  fracture  critical  or  durability  critical  depending  on  their  failure  impact.  The  classification  must  also  consider  the  airframe 
applications  for  the  engine. 

A  fracture  critical  component  is  one  whose  failure  would  likely  result  in  loss  of  engine  power  preventing  sustained  flight  as  a  direct  result  of  the 
failure  or  as  a  result  of  progressive  events  subsequent  to  the  failure.  High  energy  routing  components  such  as  disks  and  spacers  are  usually  classified 
as  fracture  critical  as  the  component  failure  would  probably  be  uncontained  or  likely  cause  failure  of  other  systems  that  could  prevent  sustained 
flight  even  in  a  multi-engined  application.  Damage  tolerance  requirements  are  normally  only  imposed  on  components  which  fall  into  this 
classification. 

A  durability  critical  component  is  one  whose  failure  could  result  in  a  significant  maintenance  burden  but  would  not  likely  result  in  total  power  loss 
or  failure  of  other  systems,  or  might  result  in  engine  power  Iocs  but  not  necessarily  loss  of  flight  (in  a  mulu-engined  application) . 

It  should  be  noted  that  identical  components  could  have  different  classifications  depending  upon  a  single  or  multi-engined  application.  An  example 
might  be  a  compressor  blade  whose  contained  failure  could  result  in  loss  of  power  and  sustained  flight  (thus  be  fracture  critical)  in  a  single  engined 
aircraft,  but  would  be  durability  critical  in  a  muhi-engined  aircraft,  as  flight  could  be  sustained  on  the  remaining  engine(s).  Because  of  potential 
confusion  in  component  classification  due  to  engine  application,  the  terra  "Mission  Critical"  is  beginning  to  be  used  in  place  of  fracture  critical.  A 
mission  critical  component  is  one  whose  failure  could  cause  the  aircraft  to  abort  its  mission,  regardless  of  the  number  of  engines  involved.  To  aid  in 
the  classification  of  components.  Failure  Modes  Effects  Analyses  are  often  performed. 

Conceptually,  a  third  classification  might  apply  to  those  items  which  history  and  experience  indicate  do  not  clearly  fit  the  definitions  of  fracture  or 
durability-critical.  For  these  items,  reliance  is  placed  on  the  manufacturing  operation  using  such  techniques  as  statistical  process  control  to  ensure 
integrity  This  class  of  components  could  include  certain  types  of  seals,  fasteners  or  fittings  which  are  replaced  in  the  normal  course  of  engine 
refurbishment,  or  whose  demonstrated  life  greatly  exceeds  system  requirements. 

At  this  point  in  the  design  sequence,  specific  NDE  needs  for  the  components  have  not  been  identified,  as  the  classification  is  based  on  failure 
consequences.  After  establishing  the  classifications,  low  cycle  fatigue  and  fracture  mechanics  screening  of  the  components  takes  place. 

It  is  at  this  time  that  preliminary  NDE  needs  are  established  Should  these  preliminary  NDE  needs  exceed  current  or  anticipated  state-of-the-art 
NDE  capabilities,  some  redesign  of  the  component  or  component  feature  may  be  required. 

Design  Quality  Assumptions 

Assessment  of  components  for  damage  tolerance  is  predicated  on  the  assumption  that  initial  defects  can  exist  av  all  life  limiting  component  features. 
Therefore,  working  stress  levels  are  established  that  will  enable  their  fracture  mechanics  residual  life  to  meet  the  required  life  goals.  Defects  of 
concern  are  of  two  types:  (1)  Surface  flaws  which  are  linear  imperfections  in  the  form  of  a  break,  fissure  or  o*her  discontinuity  on  the  surface  of  the 
component.  A  surface  flaw  is  characterized  as  having  a  depth  and  a  length.  (2)  Subsurface  flaws  which  are  internal  (sometimes  called  embedded  or 
volumetric)  material  defects  in  the  shape  of  an  irregular  vend  that  is  open  or  partially  healed.  The  void  may  contain  or  conform  to  matter  that  is 
inhomogeneous  with  the  surrounding  material  (such  as  an  inclusion)  Subsurface  flaws  are  characterized  as  having  an  equivalent  planar  diameter 
based  upon  inspection  technique  and  comparison  to  a  known  standard. 

Often  the  term  “near  surface*  is  used  to  describe  a  flaw  that  is  located  close  to  the  surface  of  a  component,  but  is  not  contiguous  with  that  surface. 
This  type  of  flaw  is  a  subsurface  flaw:  The  terminology  has  evolved  because  the  inspection  techniques  which  detea  near-surface  flaws  are  usually 
those  used  for  surface  inspections,  and  because  of  the  inability  of  most  subsurface  inspections  to  reliably  detea  anomalies  within  1  mm  of  the 
surface. 

Assumed  initial  flaw  sizes  are  based  on  defined  intrinsic  material  defea  data,  known  manufacturing  microstmctural  process  limitations  and/or 
demonstrated  reliability  of  nondestructive  inspection  methods  employed  during  manufacturing.  Nondestructive  inspection  methods  typically 
employed  during  manufacturing  include  visual,  florescent  penetrant,  eddy  current  and  magnetic  panicle  techniques  for  surface  flaws  and  ultrasonic 
and  x-ray  for  subsurface  flaws.  For  some  components,  proof  loading  may  also  be  a  viable  technique  for  manufacturing  (and  in-service) 
inspections.  Variations  of  these  techniques  can  be  used  for  both  surface  and  subsurface  inspections;  examples  include  ultrasonic  surface  wave 
inspection  for  surface  defects  on  airfoils,  magnetic  particle  inspection  for  surface  and  near  surface  flaws  in  ferromagnetic  materials,  and  proof 
loading  for  very  small  surface  or  subsurface  flaw*. 

Knowledge  of  the  capabilities  of  the  NDE  methods  is  required  because  the  assumed  initial  flaw  sizes  must  be  based  on  the  type  of  inspection  to  be 
used  during  manufacturing  or  subsequent  maintenance  of  the  engine  components.  In  addition  to  the  inspection  method,  the  means  of  performing 
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the  inspection  should  be  known.  Three  types  of  inspection  means  are  usually  acknowledged:  manual,  where  the  inspection  device  is  maneuvered  by 
hand  and  the  interpretation  of  results  is  by  the  individual  inspector;  semiautomatic,  where  inspection  device  maneuvering  may  be  automated  but 
interpretation  of  results  is  operator  dependent  (or  the  converse);  or  automated,  where  maneuvering  of  the  inspection  device  and  inspection 
accept-reject  criteria  are  preprogrammed.  Typical  minimum  initial  flaw  sire  assumptions  for  flaw  types  and  inspection  means  are  listed  in  Table  2 
for  generic  component  features. 

TABLE  11 

MINIMUM  INITIAL  FLAW  SIZE  ASSUMPTIONS 


Flaw 

Inapecuoo 

Primary 

Flaw  Type 

Confcgurauoct 

Meant 

Flaw  Sin 

NDG  Technique 

Surface  Flaw 

Surface 

Manual 

9  Mm  Depth 

Penetrant/ 

(Smooth  Future) 

Crack 

X0.76mm  Unftfa 

E*dy  Current 

Comer 

Manual 

0  Mom  Depth 

Penetrant/ 

Crack 

XO.Mmm  Length 

Eddy  Current 

Surface  Flaw 

Surface 

Manual 

O.Mnun  bepth 

Penetrant/ 

(Notch**  Feature) 

Crack 

X0  7tm  Length 

Eddy  Current 

Surface 

Automata* 

0  lJrnm  Depth 

Eddy  Current 

Crack 

X0  21mm  Length 

Cortm 

Manual 

O.lSrtua  Depth 

Penetrant/ 

Crack 

XO.lImm  Length 

Eddy  Current 

Cortm 

Automata* 

O.IJmm  Depth 

Eddy  Current 

Crack 

X0.l3om  Length 

Sofcaurfece  Flaw  Embedded  Automated  0.42mm  Uhraeoruc 

Crack/Votd  Diameter*  to 

l.  19mm  Dte. 

•  Dependent  on  materia!  and  configuration. 

Deterministic  Lifing 

Flaw  location  and  orientation  assumptions  are  a  function  of  the  particular  system  used  to  calculate  life.  Two  methods  are  currently  used. 
Deterministic  lifing  systems  utilize  single  valued  inputs  or  assumptions,  and  result  in  a  single  valued  output  of  predicted  life.  Deterministically,  given 
an  initial  flaw  size,  a  crack  geometry,  a  specified  stress  and  temperature  and  the  appropriate  material  crack  growth  rate  model,  a  single  value  of  life 
will  result.  Usually,  mean  input  values  are  used  and  the  resulting  prediction  represents  a  typical  life.  Factors  can  be  applied  to  establish  desired  life 
other  than  typical.  Obviously,  assuming  all  worst  case  input  values  will  produce  a  conservative  life.  In  deterministic  life  calculations,  the  flaw  is 
assumed  to  be  of  a  size,  located  and  oriented  in  the  component  or  feature,  so  as  to  produce  its  most  rapid  growth.  No  credit  is  taken  for  incubation 
life;  the  flaw  is  assumed  to  grow  immediately  upon  the  components  operation  in  service.  NDE  reliability  is  not  an  input  in  the  life  calculation,  and 
does  not  directly  influence  the  life  prediction,  other  than  to  determine  the  assumed  starting  crack  size.  NDE  reliability  may  be  used  subsequently  in 
performing  an  assessment  of  risk  in  reaching  the  calculated  life. 

Probabilistic  Lifing 

Probabilistic  lifing  systems  utilize  a  combination  of  data  based  statistical  distributions  of  the  life-controlling  variables  and  computing  techniques  to 
predict  a  distribution  of  lives  for  a  specified  population  of  components.  Simulation  techniques  are  most  often  utilized  because  closed-form 
analytical  solutions  accounting  for  all  the  influencing  parameters  become  intractable.  Simulation  involves  construction  of  a  mathematical  model  of 
the  entire  system  (component  life  cycle)  in  terms  of  individual  statistical  events  representing  the  various  elements  of  the  system.  The  variables 
which  affect  component  life  are  quantified  in  terms  of  probability  distributions.  These  distributions  might  include  inherent  material  quality,  crack 
initiation  behavior,  crack  propagation  behavior,  stress  and  temperature  variability,  usage  variability  and  NDE  variability.  More  sophistication  can  be 
added  in  the  form  of  sequencing  of  failure  sites  or  fleet  aging.  By  randomly  sampling  from  each  of  the  input  distributions,  calculating  a  life  from 
each  sample,  and  then  repeating  this  process  a  sufficient  number  of  limes,  an  output  distribution  of  the  desired  resolution  can  be  obtained.  For 
example,  if  an  output  resolution  of  1  in  1000  is  desired.  10,000  sample  calculations  might  be  conducted.  Monte  Carlo  techniques  are 
computationally  efficient  for  these  types  of  analyses. 

Probabilistic  techniques  enable  the  designer  to  account  for  occurrence  of  material  microstructural  anomalies  as  well  as  the  actual  inspection 
probability  of  detection  associated  with  the  initial  flaw  size  assumption.  Ln  the  probabilistic  approach,  the  entire  probability  of  detection  curve  for  a 
given  inspection  is  used,  as  opposed  to  a  single  point  such  as  the  90%  POD  at  95%  confidence  used  in  the  deterministic  flaw  size  assumption. 

Figure  5  illustrates  reliability  curves  for  two  inspection  processes  which  have  the  same  probability  of  detection  at  a  given  size  surface  flaw.  While  one 
could  state  that  for  an  initial  flaw  assumption  based  upon  demonstrated  reliability  either  process  is  adequate  for  deterministic  calculations,  the 
predicted  in-service  component  life  could  vary  considerably.  This  is  due  to  the  shape  of  the  curves.  Usinp  probabilistic  techniques,  this  difference 
in  shape  can  be  accounted  for.  and  may  impact  the  assumptions  used  in  the  component  design.  In  fact,  the  design  of  the  component  could  be 
changed  to  enable  less  costly  inspections  to  be  performed,  or  to  increase  service  intervals.  Because  jf  the  options  available  to  the  designer, 
probabilistic  approaches  are  preferred  in  that  a  more  realistic  evaluation  of  potential  flaws,  their  occurrence,  and  their  affect  on  component  life 
capability  will  result. 

Component  Inspectibility 

As  the  entire  premise  for  damage  tolerance  is  based  upon  preventing  failure  from  prior  or  service  induced  flaws,  and  nondestructive  inspection  is 
used  to  detect  these  flaws,  k  follows  that  component  inspectibility  is  a  prime  design  concent.  Therefore,  fracture  critical  components  or  features 
thereof,  are  subclassified  as  in-service  inspectible,  or  in-service  noninspectible.  This  classification  impacts  the  initial  flaw  assumptions  used  to 
evaluate  damage  tolerance,  and  the  criteria  used  in  designing  and  lifing  components.  In-service  noninspectible  components  generally  must  have  a 
flaw  growth  life  which  exceeds  the  desired  propulsion  system  life  by  some  factor.  In-service  inspect&te  components  generally  must  have  a  flaw 
growth  life  which  exceeds  the  desired  propulsion  system  maintenance  interval  by  some  factor.  As  system  maintenance  intervals  are  usually  a  portion 
of  the  expected  system  service  Hfe,  the  assumed  initial  flaw  site  for  an  in-service  inspectibte  component  or  feature  may  be  larger  than  for  an 
in-service  noninspectible  component  or  feature.  In-service  noninspectible  component  features  have  initial  flaw  size  assumptions  which  reflect 
manufacturing  NDE  capability,  white  m-service  inspect! bk  features  utilized  a  combination  of  manufacturing  and  maintenance  NDE  capabilities. 


An  example  of  an  in-service  noninspectible  component  feature  might  be  a  disk  bore  or  rim  area.  In  the  manufacturing  process,  subsurface  flaw 
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Figure  5.  The  Shape  0#  The  NDE  Reliability  Curve  la  Accounted  For  In  Probabilistic  Life  Analyses 

inspection  is  normally  conducted  using  ultrasonic  techniques  with  the  disk  in  a  semifinished  shape.  This  semifinished  shape  is  optimized  for 
inspectibility.  After  clearing  this  inspection,  the  disk  is  finished  machined.  In  the  finished  machined  configuration,  the  bore  or  rim  areas  are  not 
ultrasonicaliy  inspectibie  to  the  required  sensitivity,  therefore,  subsequent  maintenance  inspections  for  subsurface  flaws  would  be  impossible. 
(Author's  Note:  Progress  is  being  made  in  ultrasonic  inspection  technology  which  will  ultimately  allow  this  type  of  inspection  on  finished 
components,  both  in  manufacturing  and  maintenance).  The  bore  and  rim  areas  of  the  disk  would  therefore  be  classified  as  in-service 
noninspectible  for  subsurface  flaws  and  perhaps  require  more  stringent  initial  flaw  size  assumptions  and  thus  more  sensitive  NDE  capability  to  meet 
the  damage  tolerance  fifing  criteria.  Certain  types  of  bonded  joints  could  also  fall  in  this  category. 

Surface  flaw  inspection  is  generally  possible  for  all  features  of  a  disk  using  penetrant  or  eddy  current  techniques.  In-service  inspection  for  surface 
flaws  may  require  sophisticated  inspection  equipment,  but  unless  the  configuration  precludes  inspection  access,  very  few  surface  features  would  be 
classified  as  in-service  noninspectible. 

Maintenance/Inspection  Intervals 

To  minimize  life  cycle  costs,  it  is  desirable  to  have  no  in-service  inspection  requirements  during  the  engine  design  lifetime.  However,  to  design  all 
fracture  critical  components  to  enable  an  in-service  noninspectible  classification  coukl  impose  significant  engine  weight  penalties.  In-service 
noninspectible  component  features  are  usually  designed  such  that  flaw  growth  life  is  at  least  twice  the  engine  design  life-  Therefore,  the  in-service 
noninspectible  classification  should  be  reserved  for  components  or  features  which  cannot  be  reliably  reinspected  at  the  engine  maintenance  facility. 
For  most  components,  the  design  approach  would  be  expected  to  result  in  an  “in-service  inspectibie"  classification. 

Inspection  intervals  for  fracture  critical  components  are  predicated  on  a  safety  limit  established  by  fracture  mechanics  analyses.  The  safety  limit  is 
the  service  time  (or  cycles)  beyond  which  the  risk  of  component  failure  is  considered  to  be  unacceptably  high  if  corrective  action,  such  as  an 
in-service  inspection,  is  not  taken.  This  limit  therefore  does  not  represent  component  usable  life  or  retirement  limits;  but  does  represent  a  limit  on 
a  service  interval  where  an  inspection  should  be  imposed  to  prevent  potential  component  failure.  These  inspection  intervals  are  then  interacted  with 
other  maintenance  concerns  to  establish  overall  engine  force  structural  maintenance  intervals.  Iterations  may  be  required  to  optimize  the 
component  design  and  NDE  capabilities  to  obtain  maintenance  interval  goals. 

It  is  desirable  to  have  component  residual  crack  growth  lives  (safety  limits)  be  at  least  twice  these  inspection  intervals  for  in-service  inspectibie 
features.  This  requires  that  the  largest  assumed  flaw  not  grow  to  failure  in  two  times  (2X)  the  planned  inspection  interval.  The  relationship  of  safety 
limit  and  inspection  interval  is  illustrated  in  Figure  6.  Use  of  factors  less  than  two  is  possible,  but  should  be  done  on  an  individual  component  or 
feature  basis  predicated  on  mutually  acceptable  risk  and  review  of  available  redesign  options. 

The  frequency  of  inspections  is  therefore  determined  by  component  classification,  and  for  a  fracture  critical  component  by  it’s  inspectibility 
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Figure  6.  Relationship  OF  Safety  Limit  Arid  Inspection  Internal 
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in-service.  For  components  classified  as  in-service  noninspecuble  ,  inspection  is  required  during  manufacture  and  at  the  completion  of  one  design 
lifetime  if  the  component  or  system  life  is  to  be  extended  (Retirement  for  Cause).  For  components  classified  as  in-service  irupectible.  inspection  is 
required  during  manufacture  and  at  completion  of  each  maintenance  or  inspection  interval.  The  factor  relating  residual  crack  growth  life  and 
inspection  intervals  is  called  the  propagation  margin  and  is,  in  effect,  a  safety  factor.  It  serves  as  protection  against  unknowns  in  the  life  analysis, 
and  also  protects  against  failures  from  material  property  variations  where  crack  growth  rate  may  be  faster  than  the  mean. 

Geometry  Considerations 

Design  engineers  are  admonished  to  consider  inspectibility  when  working  with  specific  component  features.  Particular  attention  is  called  to  radii  and 
hole  diameters.  Selection  of  the  largest  practical  hole  diameter  often  results  in  improved  inspectibility  as  does  selection  of  a  larger  fillet  radius  for  a 
difficult  to  access  location.  A  12  mm  diameter  hole  is  easier  to  inspect  than  a  6  mm  diameter  hole.  These  guidelines  not  only  resuh  in  improved 
inspectibility,  but  often  reduce  concentrated  stresses,  with  subsequent  lifing  benefits.  In  some  locations  on  a  component,  these  instructions  are 
easily  adhered  to.  Most  often,  other  functional  criteria  require  compromise  of  pure  inspectibility  considerations.  This  makes  it  imperative  that  the 
designer  be  knowledgeable  of  NDE  capabilities  or  have  NDE  consultants  readily  available.  Damage  tolerance  concerns  emphasize  the  importance 
of  this  interaction.  Design  reviews,  where  each  feature  of  each  component  is  examined  are  an  essential  part  of  this  process. 

Examples  of  typical  sites  and  the  flaws  that  can  occur  in  engine  rotating  components  (disks,  hubs,  shafts  and  seals)  are  shown  in  Figure  7.  For  most 
of  these  flaw  types,  penetrant  or  eddy  current  inspection  methods  are  usually  used.  In  the  case  of  subsurface  flaws,  ultrasonic  inspections  are  used. 
Recent  developments  in  ultrasonic  inspection  techniques  now  allow  in-service  inspections  for  some  smooth  geometry  features  such  as  portions  of 
disk  bores  and  webs.  Flaw  reject  limits  are  based  upon  the  detectable  flaw  size,  the  residual  crack  growth  life  and  the  maintenance  (or  inspection) 
interval. 


Figure  7.  Examples  Of  Typical  Flaws  And  The  Geometric  Locations  Where  They  Occur  In  Rotating  Components 


This  paper  has  emphasized  NDE  and  component  design  relationships  for  high  energy  rotating  components  such  as  disks,  hubs  and  airseals.  Airfoil 
sections  can  also  be  treated  in  a  similar  manner,  however,  the  presence  of  vibratory  stresses  must  be  accounted  for.  The  usual  approach  is  to  limit 
the  assumed  initial  flaw  size  such  that  the  flaw,  if  present,  would  not  grow  under  the  anticipated  vibratory  stress  field.  For  those  cases  where  the 
flaw  size  is  smaller  than  demonstrated  NDE  capability,  redesign  may  be  required. 

Joints  or  bonded  structures  are  also  treated  in  the  same  manner.  Again,  appropriate  material  properties  and  NDE  capability  must  be  used. 

A  final  consideration  in  the  relationship  of  NDE  needs  and  component  design  is  the  use  of  surface  treatments.  Shot  pee  rung,  coldworking,  and 
coatings  affect  inspectibility.  In  the  manufacturing  process,  inspection  can  be  conducted  prior  to  the  surface  treatment.  However,  in-service 
inspections  could  be  difficult  if  the  surface  treatment  is  not  removed.  Where  surface  treatments  are  to  be  used  in  manufacturing,  the  designer  must 
consider  the  impact  on  in-service  inspection  preparations  and  techniques  for  the  effected  component. 

Summary 

The  use  of  damage  tolerance  concepts  in  design  has  integrated  NDE  needs  into  the  design  process.  These  needs  are  now  addressed  as  an  integral 
part  of  establishing  component  designs,  and  directly  influence  those  designs.  In  addition  to  utilizing  damage  tolerant  materials  in  satisfying  low  cycle 
fatigue  and  fracture  mechanics  life  requirements,  configurations  must  reflea  realistic  NDE  limitations  and  capabilities,  provide  for  (good) 
inspectibility,  and  address  manufacturing  and  materia)  processing  limitations.  Despite  initial  misgivings,  experience  has  shown  damage  tolerance  can 
be  achieved  with  little  weight  penalty.  There  is  every  indication  that  unexpeaed  failure  occurrences  wi’’  be  reduced  as  a  result.  The  evolution  and 
application  of  damage  tolerance  concepts  for  US  military  aircraft  engines  was  accelerated  by  the  implementation  of  the  Engine  Structural  Integrity 
Program  (ENSIP)  by  the  USAF.  This  program  has  also  been  effective  in  defining  the  relationship  of  NDE  needs  and  component  design. 

In  developing  a  common  approach  for  application  of  damage  tolerance  concepts  within  the  AGARD  Community,  the  USAF  ENSIP  standard  could 
be  used  as  a  reference.  It  does  address  the  basic  requirements  and  assumptions  necessary  in  developing  a  'safe*  design-  The  approach  should 
address  what  is  required,  not  necessarily  how  it  is  to  be  obtained.  By  doing  this,  flexibility  in  meeting  requirements  will  be  maintained  and  options  in 
the  methods  used  will  be  allowed.  It  is  the  author's  contention  that  probabilistic  methods  are  the  optimum  means  for  addressing  NDE  concerns  in 
the  design  process. 
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SUMMARY 

This  paper  reports  the  results  of  a  demonstration  programme  carried  out  to  determine 
the  influence  of  the  sensitivity  and  reliability  of  nondestructive  inspection  (NDI)  tech¬ 
niques  on  the  damage  tolerance  based  life  assessment  of  aero  engine  turbine  discs.  The  pro¬ 
gramme  was  carried  out  on  the  5th  stage  compressor  discs  of  the  J85-CAN40  engine,  made  from 
the  AM-355  stainless  steel.  The  sensitivity  and  reliability  of  several  NDI  techniques,  in 
detecting  service  induced  low  cycle  fatigue  (LCF)  cracks  in  the  disc  bolt  hole  regions,  are 
assessed  on  the  basis  of  detectable  crack  sizes  at  90%  probability  of  detection  (POD)  and 
90%  POD  with  95%  confidence  level.  The  NDI  techniques  examined  are  the  liquid  penetrant 
inspection  (LPI)  technique,  a  manual  eddy  current  inspection  (ECI)  technique  using  two  gain 
settings  and  an  ultrasonic  leaky  wave  (ULW)  technique  using  an  automated  C-scan  system. 

The  safe  inspection  intervals  (SI Is)  for  the  5th  stage  compressor  disc  are  calculated  using 
deterministic  fracture  mechanics  (DFM)  and  probabilistic  fracture  mechanics  (PFM)  princ¬ 
iples.  These  calculations  involve  the  use  of  the  NDI  data,  finite  element  analysis  and  the 
experimental  fatigue  crack  growth  rate  ( FCGR )  data  generated  on  compact  tension  specimens 
machined  from  discs. 

The  results  indicate  that  the  manual  ECI  technique  with  a  high  gain  setting  and  the 
automated  ULW  technique  are  the  most  sensitive  and  reliable  in  detecting  LCF  cracks.  The 
percentages  of  false  calls  for  the  sensitive  ECI  and  the  ULW  techniques  were  measured  to  be 
2.4%  and  0.6%  respectively.  The  demonstration  programme  suggests  that  the  guidelines  for 
the  assumed  initial  crack  length  (a^)  values  provided  for  LPI,  ECI  and  ultrasonic  tech¬ 
niques  in  the  United  States  Air  Force  Military  Standard  MIL-STD-1783  are  too  optimistic  for 
widely  used  manual  NDI  procedures. 

The  results  demonstrate  that  the  sensitive  ECI  and  the  ULW  techniques  yield  the 
largest  SI I  values  when  the  longest  crack  missed  and  the  detectable  crack  sizes  at  90%  POD 
and  90/95  POD  are  substituted  for  a^  values  in  DFM  calculations.  In  all  cases,  however, 
the  SI I  values  are  too  short  for  the  damage  tolerance  based  life  prediction  to  be  cost 
effective. 


The  PFM  analysis,  on  the  other  hand,  which  randomly  uses  the  distribution  of  unde¬ 
tected  crack  sizes  for  a  given  NDI  technique  to  choose  an  a^  value  for  fracture  mechanics 
calculations,  demonstrates  that  the  worst  case  combinations  of  ai  and  FCGR  do  not  occur 
during  7000  disc  simulations.  The  PFM  results  also  indicate  that  it  may  be  possible  to 
obtain  cost  effective  SI Is  if  the  sensitive  ECI  and  the  automated  ULW  techniques  are  used. 
However,  the  behaviour  of  short  cracks  would  have  to  be  characterized  prior  to  obtaining 
usable  PFM  based  SI Is. 


1.  INTRODUCTION 

Damage  tolerance  based  life  prediction  (DTLP)  procedures  are  receiving  attention  for 
establishing  turbine  disc  design  life  limits  in  new  engines  anc.  for  extending  the  usable 
service  lives  of  discs  whose  life  limits  have  been  established  conventional ly( ) .  The 
concepts  have  already  been  considered  for  several  new  generation  engines,  including  the 
F100-PW-220,  F110-GE-100  and  F109-GA-10  engines.  They  have  also  been  applied  to  existing 
engines  such  as  PW  F100,  GE  TF34  in  the  US  and  to  GE  J85-CAN40/15  in  Canada  for  extending 
the  usable  service  lives  of  discs^K 

In  theory,  DTLP  procedures  assume  that  the  fracture  critical  locations  of  a  component 
contain  cracks  of  a  size  just  below  the  detection  limit  of  the  nondestructive  inspection 
(NDI)  technique.  The  crack  is  then  assumed  to  grow  during  service  in  a  manner  that  can  be 
predicted  by  linear  elastic  fracture  mechanics  or  other  acceptable  methods,  until  a 
predetermined  dysfunction  limit* is  reached  beyond  which  the  risk  of  failure  due  to  rapid 
crack  growth  becomes  excessive.  The  rates  of  crack  growth  and  the  dysfunction  crack  sizes 
are  established  analytically  based  on  best  estimstes  of  service  loads  and  material 


♦Note  dysfunction  crack  size  is  not  necessarily  a  critical  crack  length  for  catastrophic 
failure. 
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properties.  The  time  or  number  of  cycles  required  to  grow  the  assumed  crack  (ai)  to  its 
dysfunction  size  (ad)  is  then  used  to  define  a  safe  inspection  interval  (SI I)  usually  by 
dividing  the  life  to  dysfunction  by  a  safety  factor  of  2^  .  This  life  cycle  management 
concept  is  illustrated  schematically  in  Fig.  1  which  shows  that  at  the  end  of  one  SI I,  all 
components  are  inspected  and  crack  free  components  are  returned  to  service  for  another  SI I 
and  the  procedure  repeated  until  a  crack  is  found.  In  this  manner,  components  are  retired 
on  an  individual  basis  when  their  condition  dictates.  In  order  to  implement  the  DTLP 
procedure  of  Fig.  1,  it  is  imperative  to  determine  the  detection  limits  of  the  candidate 
NDI  techniques  and  to  ensure  that  the  selected  NDI  technique  does  not  miss  a  dysfunction 
crack  size  under  any  circumstances.  The  United  States  Air  Force  (USAF)  MIL-STD-1783  speci¬ 
fies  that  initial  flaws  shall  be  assumed  to  exist  as  a  result  of  material  manufacturing  and 
processing  operations  and  these  flaw  sizes  shall  be  based  on  the  intrinsic  material  defect 
distribution,  manufacturing  process  and  the  NDI  methods  to  be  used  during  manufacture  of 
the  component^7) . 


In  practice,  however,  the  SI I  is  computed  either  by  using  deterministic  fracture 
mechanics  (DFM)  or  probabilistic  fracture  mechanics  (PFM)  approaches ^ 6' 8"12 ^ .  The  DFH 
approach  assumes  that  an  initial  flaw  size  ai  already  exists  in  the  critical  location  of  a 
component,  where  aA  is  defined  as  the  maximum  crack  size  that  might  be  missed  by  the  NDI 

technique  used^7).  Fracture  mechanics  analysis  is  carried  out  to  plot  the  curve  of  worst 
case  crack  size  (a)  versus  the  number  of  fatigue  cycles  as  shown  in  Fig.  1.  The  cyclic 
stress  intensity  factor  (AK)  ahead  of  the  crack  tip  is  given  by: 

A  K  =  Ao/Vna  (1) 


where  X  is  a  factor  that  depends  on  the  crack  shape,  structure  and  gradient  of  stresses  and 
Aa  is  the  stress  amplitude.  Assuming  that  stable  fatigue  crack  growth  conditions  prevail, 
the  fatigue  crack  growth  rate  (FCGR)  is  given  by: 

=  C(6K)n  (2) 


where  C  and  n  are  experimentally  determined  material  constants.  Upon  substituting  for  AK 
from  equation  (1)  in  equation  (2)  and  integrating,  the  number  of  fatigue  cycles  (Nd) 
required  to  grow  a  crack  from  the  assumed  initial  size  to  the  dysfunction  size  ad  is 
given  by: 
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However,  the  DFM  approach  can  be  overly  conservative  since  SI  I  is  calculated  by  using  worst 
case  values  of  n,  C,  Ao,  a ^  and  ad,  where: 


It  has  been  suggested  that  the  worst  case  situation  for  each  and  every  variable  in  equation 
(3)  may  never  occur  in  real  life  and  these  assumptions  therefore  impose  unrealistic 
constraints  on  SII  calculations ^ 13  * 14 ^ . 


The  PFM  approach  also  uses  deterministic  equations  (1)  to  (4)  for  calculating  a  SII 
but  input  parameters  such  as  a^,  ad,  C,  n  and  A a  are  treated  as  random  variables  with  known 
or  assumed  distributions  to  generate  a  Nd  distribution  curve ( 10 ' 12 ' 13 ^ .  Therefore,  rather 
than  calculating  a  single  SII  value  and  using  a  safety  factor  based  on  good  engineering 
judgement,  a  range  of  SI Is  is  calculated  and  appropriate  values  are  selected  to  maintain  a 
sufficiently  low  but  cost  effective  failure  probability  (F>^16^.  For  example,  the  observed 
scatter  in  ^  in  equation  (2)  could  be  simulated  by  random  variation  in  C  where  C  is 
assumed  to  show  a  log-normal  distribution^1®^. 


or  log  C  =  Gau(nc,Sc)  (5) 

where  pc  depicts  the  mean  and  $c  is  the  standard  deviation.  Similarly,  a  normal  Ao 
variation  can  be  represented  by: 


Sc  =  Gaufu^.S^)  (6) 

where  p&(y  represents  the  mean  and  S&(J  is  the  standard  deviation.  Finally,  the  ai  and  ad 
distributions  can  also  be  assumed  to  be  log-normal, 

or  log  a  =  Gau(pft,Sa)  (7) 

where  na  represents  the  mean  and  Sa  is  the  standard  deviation.  The  number  of  cycles  (Nd) 
required  to  propagate  to  ad  can  be  represented  by: 


Nd  =  f (C, Ao, ai, ad) 


(8) 
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Equations  (5)  to  (7)  can  be  combined  with  equation  (3)  to  generate  an  Nd  distribution  and  a 
SI I  value  can  be  picked  from  this  Nd  distribution  at  an  appropriate  failure  probability, 
such  as,  for  example  0.1%  F.  It  has  been  suggested  that  in  accordance  with  the  central 
limit  theorem,  a  large  Nd  data  base  will  follow  a  log-normal  distribution  providing  a 
single  random  variable  does  not  dominate  the  product  of  the  variables  in  equation  (8)^16^. 
The  log-normal  Nd  distribution  is  represented  by: 
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where  and  c  are  related  to  the  mean  and  standard  deviation  of  the  variate.  Some 
researchers,  on  the  other  hand,  prefer  to  use  a  Weibull  distribution  for  Nd,  because  it  is 
independent  of  the  underlying  distributions  of  the  random  variables  and  biased  theoretical 
opinions  are  less  likely  to  influence  the  overall  results.  The  equation  for  the  Weibull 
distribution  is  of  the  forra^7^: 


N .  6 

F(Nd)  *  l  -  *xp  •  (r) 


(10) 


where  n  is  the  characteristic  life  and  8  is  the  slope. 


Whether  DFM  or  PFM  approaches  are  used  to  calculate  Nd,  equations  (3)  and  (8)  clearly 
indicate  that  Nd  predictions  will  be  strongly  influenced  by  the  c rack  length  values  used 
for  and  ad.  Usually  a  single  (worst  case)  ad  value  is  specified  for  a  given  batch  of 
components  using  the  best  estimates  of  service  loads  and  material  properties.  In  contrast, 
the  a^  value  chosen  for  calculating  Nd  through  equations  (3)  and  (8)  will  depend  upon  the 
detection  and  sizing  capabilities  of  the  NDI  technique  used  to  inspect  the  components. 

This  dependence  requires  that  a  number  of  NDI  techniques  should  be  quantified  in  terms  of 
crack  detection  capabilities  (sensitivity)  and  reliability  (probability  of  detection)  in 
order  to  select  the  most  suitable  NDI  technique  for  implementing  the  DTLP  procedures  for  a 
given  set  of  components.  One  way  of  assessing  the  suitability  of  a  given  NDI  technique  is 
through  a  statistically  valid  demonstration  programme. 

In  a  demonstration  programme,  a  statistically  significant  number  of  flawed  and  flaw 
free  parts  are  inspected  by  NDI  procedures  that  essentially  duplicate  proposed  maintenance 
inspections  and  statistically  significant  crack  growth  rate  data  bases  are  generated  on 
coupons  or  components  in  environments  that  duplicate  the  engine  operating  environment.  The 
essential  elements  of  a  demonstration  programme  involve  the  assessment  of  the  sensitivity 
and  reliability  of  various  NDI  procedures  for  selecting  a ^  values  and  performing  fracture 
mechanics  calculations  for  predicting  SI Is.  The  objectives  of  a  demonstration  programme 
are  to  assess  the  feasibility  of  implementing  DTLP  procedures  and  to  use  the  predicted  SI I 
values  for  selecting  the  most  cost  effective  NDI  technique  for  a  given  set  of  components. 

This  paper  presents  the  results  of  a  programme  that  was  conducted  to  determine  the 
influence  of  the  sensitivity  and  reliability  of  several  NDI  techniques,  available  for 
detecting  turbine  disc  bolt  hole  cracks,  on  DFM  and  PFM  based  SI I  predictions  for  J85-CAN40 
5th  stage  compressor  discs.  The  NDI  techniques  evaluated  included  the  conventional  liquid 
penetrant  inspection  (LPI),  manual  eddy  current  inspection  (ECI)  and  an  ultrasonic  leaky 
wave  (ULW)  inspection  carried  out  in  an  automated  C-scan  system. 


2.  EXPERIMENTAL  MATERIALS  AND  METHODS 

J85-CAN40  5th  stage  compressor  discs  were  selected  for  this  demonstration  programme 
because  a  large  number  of  retired  discs,  containing  service  induced  cracks,  were  available. 
In  all  cases,  the  low  cycle  fatigue  cracks  initiated  in  the  tie  bolt  holes  and  then  grew 
radially  inward  towards  the  bore  of  the  discs^6^.  The  discs  are  fabricated  from  AM-355 
material,  a  precipitation  hardened  martensitic  stainless  steel. 


2.1  FRACTURE  MECHANICS  TESTING 

To  generate  a  crack  growth  data  base  for  use  in  DFM  and  PFM  calculations,  FCGR  testing 
was  performed  on  compact  tension  (CT)  specimens  machined  from  retired  5th  stage  compressor 
discs.  The  CT  specimens  were  machined  as  close  to  the  bolt  holes  as  possible.  In  order  to 
simulate  the  fatigue  crack  growth  behaviour  of  service  cracks,  the  CT  specimens  were 
machined  such  that  the  direction  of  crack  propagation  through  the  specimen  was  radial 
towards  the  bore  of  the  disc.  This  orientation  is  illustrated  in  Fig.  2.  The  geometry  of 
the  CT  specimens  is  illustrated  in  Fig.  3.  The  CT  specimen  met  the  ASTM  standard  E-647 
minimum  size  recommendations  in  all  dimensions  excepting  the  specimen  thickness .  The 
specimen  thickness  was  limited  by  the  minimum  disc  thickness  in  the  bolt  hole  regions.  The 
CT  specimen  required  a  precrack  of  6.67  mm  and  had  a  valid  final  crack  length  of  17.6  mm. 

These  crack  lengths  correspond  to  a  AK  range  of  30  to  85  MPa  at  a  stress  ratio  (R)  of 
0.1.  The  CT  specimen  also  met  the  elasticity  requirements  of  ASTM  E-647^®). 
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The  FCGR  testing  was  carried  out  at  200° C  in  the  laboratory  air  environment  using  a 
sawtooth  waveform  at  a  frequency  of  1  Hz  and  an  R  value  of  0.1.  The  maximum  applied 
load  was  1  kN.  The  200°C  testing  temperature  was  selected  to  simulate  the  disc  service 
temperature  and  a  sawtooth  loading  cycle  was  selected  because  it  was  deemed  more  severe 
than  a  comparable  sine  wave  form^9^ .  An  automated  direct  current  potential  drop  technique 
was  used  to  monitor  the  crack  length  during  the  testing  and  the  details  of  this  technique 
can  be  found  elsewhere^20 ) .  The  data  acquisition  time  for  the  potential  drop  technique  was 
limited  to  1  second  per  reading  in  order  to  eliminate  creep  contributions  to  crack  growth. 
Six  CT  specimens  from  the  same  disc  were  tested. 

2.2  NONDESTRUCTIVE  INSPECTION  AND  CRACK  VERIFICATION  PROCEDURES 

Ten  severely  cracked,  5th  stage  compressor  discs  were  used  in  this  study.  Each  disc 
contains  forty  bolt  holes  which  are  used  to  assemble  the  compressor  section.  Fig.  4.  These 
discs  had  been  inspected  by  qualified  NDI  personnel  at  the  engine  overhaul  and  maintenance 
( EOM)  facility  using  a  production  LPI  technique  with  a  30  minute  dye  penetrant  soaking  per¬ 
iod  (called  LPI30) .  The  LPI  maps  were  supplied  for  further  analysis.  All  discs  were  sent 
to  the  Aircraft  Maintenance  and  Development  Unit  (AMDU)  of  the  Canadian  Forces  for  labora¬ 
tory  nondestructive  inspections.  Two  sets  of  inspections  were  carried  out  by  qualified  NDI 
personnel  using  conventional  LPI  as  well  as  the  manual  ECI  techniques.  Two  AMDU  technic¬ 
ians  certified  at  Level  II  in  LPI  carried  out  the  inspections  in  accordance  with  the 
MIL-STD-6866^2^) ,  Type  I,  Method  D  specifications  using  45  and  60  minute  dye  penetrant 
soaking  periods  (called  LPI45  and  LPI60  respectively) .  The  crack  lengths  were  measured 
with  a  digital  readout  vernier  caliper  with  an  accuracy  of  ±0.02  mm. 


The  manual  ECI  at  AMDU  was  also  carried  out  by  two  technicians  certified  at  level  I. 
The  ECI  was  conducted  using  a  Nortec  Reichii  instrument  equipped  with  a  4.76  mm  diameter 
rotating  probe  scanner  (3000  rpm)  which  is  specifically  designed  for  fasterner  bolt  hole 
(4.84  mm  diameter)  inspections.  The  ECI  unit  operated  at  a  test  frequency  of  500  Hz  and  at 
this  frequency,  the  maximum  eddy  current  penetration  depth  for  AM-355  material  is  ^6mm^22^ . 
Two  gain  setting  levels  were  used  for  ECI.  One  inspector  used  a  gain  setting  of  2  (called 
ECI2)  whereas  the  other  inspector  used  a  more  sensitive  gain  setting  of  5  (called  ECI5). 

In  the  present  investigation,  however,  the  eddy  current  signals  were  not  processed  to  size 
the  cracks.  Only  an  indication  of  whether  a  crack  existed  or  not  was  noted  for  each  bolt 
hole . 


A  further  inspection  was  carried  out  on  all  discs  using  an  ultrasonic  leaky  wave  (ULW) 
technique,  which  is  described  in  reference  23.  This  method  is  not  an  approved  NDI 
technique  for  crack  detection  in  engine  components  but  it  was  felt  that  the  technique  had 
potential  for  detecting  disc  bolt  hole  cracks.  The  inspections  were  performed  automatic¬ 
ally  using  the  California  Data  Corporation  C-scan  system  at  NAE,  which  produced  an  image  of 
cracks  indicating  the  location  and  the  size  of  the  cracks.  The  compressor  discs  were 
mounted  on  a  turntable  immersed  in  a  water  tank  and  a  10  MHz  (25.4  mm  focal  iength)  probe 
was  positioned  at  -v20°  to  the  surface  of  the  disc  for  sending  and  receiving  the  ultrasonic 
waves.  The  disc  was  rotated  while  the  probe  moved  radially  towards  the  bore  until  the 
required  area  of  the  disc  was  covered.  The  ULW  inspections  were  performed  by  two  students 
who  were  trained  for  approximately  one  month  on  the  instrument.  The  students  did  not  have 
any  formal  training  in  NDI  and  the  C-scan  images  were  individually  interpreted  by  the 
students . 

After  the  nondestructive  inspections  were  completed,  the  material  surrounding  all  bolt 
hole  areas  were  cut  out  into  coupons  as  shown  in  Fig.  5(a).  The  bolt  hole  coupons  in 
which  cracks  were  detected  by  ULW  were  pried  open  along  the  crack  faces.  Fig.  5b,  allowing 
crack  lengths  and  crack  geometries  to  be  measured  by  scanning  electron  microscopy  (SEM), 
Figs.  5(c)  and  5(d).  The  remaining  coupons  were  mounted  in  bakelite  and  mechanically 
polished  for  examination  under  an  optical  microscope.  Care  was  taken  to  avoid  excessive 
grinding  which  would  efface  small  corner  cracks.  Again,  the  bolt  hole  coupons,  where 
cracks  were  detected  optically,  were  pried  open  along  the  crack  faces  and  the  crack  lengths 
were  measured  by  SEM.  Finally,  all  remaining  bolt  hole  coupons  were  broken  out  of  the 
bakelite  mounts  and  fractured  in  accordance  with  the  procedure  shown  in  Fig.  5(b).  It  was 
felt  that  an  embedded  crack  would  not  be  visible  optically,  and  if  a  crack  was  indeed 
present,  then  the  bolt  hole  coupon  would  fracture  along  the  embedded  crack  surface.  There¬ 
fore,  all  fractured  bolt  hole  coupons  were  examined  by  SEM  and  a  typical  thumbnail  profile 
with  some  fatigue  striations  ahead  of  the  thumbnail  (usually  showing  dark  fracture  surface 
due  to  service  exposure)  was  considered  as  a  service  induced  crack.  Fig.  6.  This  procedure 
revealed  approximately  100  additional  cracks  that  were  not  detected  optically ^24 ) . 


3.  RESULTS  AND  DISCUSSION 

In  order  to  calculate  a  SII  through  DFM  or  PFM  analysis,  statistically  significant 
information  must  be  available  on: 

(a)  sensitivity  and  reliability  of  NDI  techniques  used  for  detecting  cracks,  i.e.  a 
maximum  a^  value  for  DFM  calculations  or  an  a^  distribution  for  PFM  calculations, 

(b)  FCGR  data,  i.e.  da/dN  scatterband  as  a  function  of  AK. 

(c)  operational  loads,  i.e.  AK  varying  as  a  function  of  crack  length  for  the  component. 


4-5 


(d)  dysfunction  crack  size,  i.e.  ad,  and 

(e)  a  typical  engine  mission  profile. 

A  dysfunction  crack  size,  a^,  of  4.5  mm  was  specified  for  the  5th  stage  compressor 
disc  bolt  hole  cracks  by  the  engine  manufacturer .  This  art  limit  was  apparently  derived 
on  the  basis  of  fracture  mechanics  testing,  vibration  analysis  and  field  experience'  ' ■ 
Between  a^  and  ad,  however,  the  stress  distribution  ahead  of  the  crack  tip  would  be 
expected  to  change  since  disc  dimensions  and  the  distance  between  the  crack  tip  and  the 
disc  rotational  axis  are  continuously  changing.  A  three  dimensional  finite  element  stress 
analysis  was  therefore  carried  out  on  the  5th  stage  compressor  disc  where  the  disc  was 
assumed  to  rotate  between  zero  and  16,500  rpm^25^ .  The  stress  distribution  ahead  of  the 
crack  tip  of  a  bolt  hole  thru-crack  was  then  computed  under  plane  stress  conditions.  The 
values  of  AK  computed  in  this  manner  for  various  bolt  hole  crack  lengths  have  been  plotted 
in  Fig.  7,  where  AK  is  noted  to  increase  with  increasing  crack  length. 

The  FCGR  data  from  CT  specimens  showed  a  large  amount  of  scatter.  Fig.  8.  The  Paris 
relationship.  Eg.  (2),  was  fitted  to  the  data  using  a  least  squares  method  of  linear 
regression.  The  mean  line  equation  was  found  to  be: 

=  2.14  *  10'12  (4K)316  m/cycle  (11) 

where  AK  is  in  MPa/m.  The  conditional  standard  deviation  (Sy/x)  was  calculated  in  order  to 
account  for  the  scatter  in  FCGR  results.  Figure  8  shows  a  mean  solid  line  drawn  through 
the  data  points  and  two  parallel  dashed  lines  drawn  at  ±3  conditional  standard  deviations 
of  log  C  (-vO.0711)  from  the  mean  line.  The  upper  bound  of  the  scatterband  was  calculated 
by  drawing  a  line  parallel  to  the  mean  line  at  +3  conditional  standard  deviations  and  the 
equation  for  the  upper  band  was  found  to  be: 


=  10+<3*0.0711)  x  2.14„io'12(4K)316  m/cycle 

or  =  3.497  x  10~12UK)3'16  m/cycle  (12) 

In  order  to  determine  a^  values  for  DFM  calculations,  the  longest  crack  missed  (a^ 
longest)  by  each  NDI  technique  was  noted.  Table  1.  The  longest  crack  missed  by  the  ULW 
technique  was  1.40  mm  in  length  whereas  the  LPI  techniques  missed  cracks  that  were  3.69  to 
4.33  mm  in  length.  The  most  sensitive  ECI  technique  (ECI5)  detected  almost  all  cracks 
above  1.27  mm  in  length  although  it  missed  one  crack  that  was  2.7  mm  in  length.  It  will  be 
recalled  that  the  ECI  in  this  study  was  carried  out  manually  and  it  is  likely  that  the  2.7 
mm  long  crack  missed  by  ECI5  could  be  due  to  an  operator  error.  The  less  sensitive  ECI 
technique  (ECI2),  on  the  other  hand,  consistently  missed  cracks  longer  than  4  mm.  The  USAF 
MIL-STD-1783,  however,  provides  an  approximate  guideline  for  selecting  ai  values  stating 
that  0.8  mm  and  0.4  mm  uncovered  surface  flaw  length  should  be  assumed  in  the  case  of  LPI 
and  ECI/ultrasonic  techniques  respectively ^ . 

The  USAF  MIL-STD-1783  also  recommends  that  the  selected  value  based  on  the  NDI 
method  used  to  inspect  the  component  should  be  demonstrated  to  have  a  POD  and  confidence 
level  of  90%  and  95%,  respectively ^ 7 ^ .  In  order  to  determine  the  POD  as  a  function  of 
crack  length  for  our  NDI  data,  the  crack  lengths  were  grouped  into  intervals  since  only  one 
inspection  per  crack  was  performed  for  a  given  NDI  procedure.  Several  crack  length  inter¬ 
vals  between  0.2  mm  and  1  mm  were  tried  and  the  best  compromise  between  the  number  of  crack 
length  intervals  and  the  maximum  number  of  cracks  contained  in  each  interval  was  obtained 
for  a  crack  length  interval  of  0.5  mm^26).  The  POD  data  points  were  calculated  by  dividing 
the  number  of  cracks  detected  in  a  given  crack  length  interval  by  the  total  number  of 
cracks  contained  in  that  interval.  Following  the  suggestion  of  Berens  and  Hovey^27^,  the 
middle  of  each  crack  length  interval  was  assigned  the  calculated  POD  value  rather  than  the 
maximum  crack  length  in  that  interval.  For  reasons  explained  elsewhere ^26 ) ,  a  log-logistic 
curve  was  fitted  through  the  POD  data  points  using  the  equation: 

exp  ( ft  -*-6-  Ina.) 

P  =  _ °  L _ i _  ini 

i  1  ♦  exp(6o+61  £nai)  ' 

where  is  the  POD  value  for  a  given  crack  length  interval,  is  the  slope  parameter  and 
i  varies  between  1  and  n^,  where  nj  ia  the  total  number  of  crack  length  intervals  used  to 
plot  the  POD  curve.  The  curve  fitting  procedure  involves  the  transformation  of  (P^,ai) 
pairs  into  a  regressible  format  of  the  form: 

*  «  ♦  6xa  (14) 

where  -  log(P^/(l-P^) ]  and  x^  -  logfa^)  and  a  is  the  intercept  of  the  regressed  line. 

In  situations  where  all  or  no  cracks  are  detected  within  a  given  crack  length  interval,  p^^ 
i»  given  by  U/(nj  +  l)]  or  (nj/fnj^l )  1  respectively)*27). 


The  POD  data  for  LPI30,  LPI45,  LPI60,  ECI2,  ECI5  and  ULW  techniques  were  regressed  in 
accordance  with  equations  (13)  and  (14)  and  the  mean  log-logistic  curves  are  plotted  on  a 
linear  scale  in  Figures  9,  10.  11,  12,  13  and  14  respectively.  Additional  regression 
analysis  was  performed  on  ECI5  data  assuming  that  the  2.7  mm  long  crack  missed  by  this 
technique  was  an  operator  error  (from  now  on  depicted  by  ECI5*)  and  this  crack  was  consid¬ 
ered  detected  while  analyzing  the  NDI  data.  The  mean  POD  versus  crack  length  curve  for 
ECI5*  is  presented  in  Fig.  15.  A  set  of  a^  values  was  picked  from  Figs  9  to  15  at  90%  POD. 
These  90/mean  aA  values  are  compared  with  the  longest  crack  missed  data  ^ailongest^  in 

Table  1.  There  is  no  direct  correlation  between  ai  and  90/mean  ,  although  for  a 

■‘longest  A 

given  ND1  procedure,  both  methods  of  selection  yield  similar  a^  values.  Table  1.  It 
should,  however,  be  recognized  that  the  90/mean  aA  value  is  %  reflection  of  the  sensitivity 
of  a  given  NDI  technique  because  this  value  indicates  that  90%  of  the  cracks,  i.e.  a  large 
proportion,  of  this  size  were  detected  in  the  demonstration  programme.  The  smaller  the 
90/mean  aA  value,  the  more  sensitive  is  the  NDI  technique.  It  is  therefore  evident  that 
ECI5  proved  most  sensitive  in  detecting  LCF  cracks  { 90/mean  ai  =  1.65  mm),  closely  followed 
by  ULW  (90/mean  a^^  =  1.85  mm),  whereas  LPI  techniques  were  less  sensitive  (90/raean  aA  = 

3.45  to  3.75  mm).  Table  1.  Out  of  all  LPI  procedures  examined  in  this  demonstration 
programme,  LPI60  was  marginally  more  sensitive  than  LPI30  and  LPI45. 

However,  the  calculated  aA  value  at  a  given  POD  or  POD  as  a  function  of  crack  length 
for  a  given  NDI  procedure  are  known  to  show  statistical  variations  from  one  demonstration 
programme  to  another^26' 27 ) .  These  variations  arise  from  a  number  of  uncontrollable 
factors  such  as  the  ability  and  the  attitude  of  the  inspector,  material  type  and  component 
geometry  and  the  location,  orientation  and  the  size  of  the  flaw.  Standard  statistical 
methods  are  therefore  used  to  plot  confidence  bounds  on  top  of  the  mean  POD  data  and  a 
lower  95%  confidence  POD  line  is  used  to  assess  the  reliability  of  various  NDI  techniques. 
The  closer  the  95%  confidence  line  to  the  mean-POD  line,  the  more  reliable  is  the  NDI  tech¬ 
nique.  Following  similar  logic,  the  smaller  the  value  at  90%  POD  with  95%  confidence 
(90/95  a^)  the  more  sensitive  and  reliable  is  the  NDI  technique. 

A  number  of  distributions  were  used  to  calculate  the  95%  confidence  bounds  on  the  mean 
log-logistic  POD  curves  presented  in  Figs.  9  to  15.  The  distributions  tried  included  the 
F-distribution,  the  normal  distribution,  the  student  t-distribution  and  the  binomial 
distribution.  Results  comparing  their  suitability  for  realistically  describing  various 
types  of  NDI  data  can  be  found  elsewhere^26 ) .  In  the  present  investigation,  however,  the 
normal  and  the  student  t-distributions  resulted  in  the  95%  confidence  bounds  that  were 
closer  to  the  mean  POD  curves  for  longer  crack  lengths  relative  to  those  given  by  the 
binomial  and  the  F-distributions ^ 26 ) .  The  criterion  for  selecting  the  most  suitable 
distribution  for  computing  the  95%  confidence  bound  is  based  on  the  closeness  of  the  95% 
confidence-curve  to  the  mean  POD  curve  at  longer  crack  length  values.  This  procedure  is 
considered  to  be  a  realistic  approach.  It  is  logical  to  assume  that  the  larger  the  crack 
size,  the  higher  should  be  the  chance  of  its  detection.  Between  the  normal  and  the 
student-t  distributions,  the  95%  confidence  bounds  were  closer  to  the  mean  POD  line  in  the 
case  of  the  normal  distribution^ 26* .  The  95%  confidence  bound  in  the  case  of  the  normal 
distribution  was  determined  by: 

POD95X  confidence  =  P0Dmean  *  1 ■ 96  <15> 

where  1.96  is  the  normal  standard  variate  for  a  confidence  interval  of  0.95  and  Sy/x  is  the 
conditional  standard  variance^26) .  This  assumption  leads  to  a  lower  bound  95%  confidence 
curve  which  also  takes  a  log-logistic  form  with  the  same  slope  as  the  mean  POD  line  but 
with  a  different  intercept  value  in  equation  (14),  Figs.  9  to  15.  A  set  of  90/95  a£  values 

was  picked  from  Figs.  9  to  15  and  these  data  are  compared  with  the  a{  and  90/mean  a* 

* longest 

values  in  Table  1.  It  is  evident  from  Table  1  that  a  90/95  value  for  a  given  NDI  proce¬ 
dure  is  considerably  larger  than  the  respective  ai  and  90/mean  a{  values.  It  is 

■‘longest  * 

also  clear  that  the  ULW  technique  appears  superior  to  the  ECI5  technique  when  compared  on 
the  basis  of  combined  reliability  and  sensitivity,  i.e.  the  90/95  for  ULW  is  2.90  mm 
versus  4.10  mm  for  ECI5.  However,  assuming  that  the  2.7  mm  long  crack  missed  by  ECI5  may 
have  been  an  operator  error,  the  ECI5*  technique  comes  out  to  be  more  reliable  and 
sensitive  than  the  ULW  technique.  Table  1. 

Having  compared  the  reliability  and  sensitivity  of  various  NDI  techniques,  the  follow¬ 
ing  sections  describe  their  influence  on  DFM  and  PFM  based  SI I  calculations  for  the  5th 
stage  compressor  discs. 

3.1  DFM  ANALYSIS 

A  number  of  "worst  case"  fracture  mechanics  calculations  were  performed  to  determine 
Nj  values  upon  selecting  different  a*  values  from  Table  1,  i.e.  ai  ,  90/mean  ai  and 

a  1  ^longest 

90/95  a^,  for  various  NDI  techniques  and  allowing  the  cracks  to  grow  up  to  a  predetermined 
ad  limit  of  4.5  mm.  Each  Nd  calculation  was  performed  in  a  stepwise  fashion  using  a 
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computer  programme.  The  initial  stress  intenaity  range  fAK^)  was  computed  for  a  selected 
a^value  from  Fig.  7  and  the  AK  was  allowed  to  vary  from  AK^  to  the  dysfunction  stress 
intensity  (AKd)  in  2MPa/m  intervals.  The  upper  bound  crack  growth  rate  equation  (Eg.  (12)) 
was  iteratively  used  in  conjunction  with  Fig.  7  to  calculate  the  cumulative  number  of 
fatigue  cycles  (N^)  required  to  grow  the  disc  bolt  hole  crack  from  ai  to  ad.  In  order  to 
convert  the  deterministic  Nd  data  into  engine  operating  hours,  the  calculated  Nd  values 
could  be  divided  by  a  factor  of  3  to  5  since  it  was  previously  established  that  3  to  5 
major  throttle  excursions  can  occur  per  flight  hour  in  the  J85-CAN40/15  engines^6).  The 
number  of  fatigue  cycles  to  dysfunction  computed  through  this  procedure  were  further 
divided  by  a  safety  factor  of  2  to  obtain  the  SI I' a. 

The  SI I* 8  computed  in  cycles,  using  different  inspection  procedures  and  ai  selection 
criteria,  are  compared  in  Table  2.  It  is  evident  that  all  a^  selection  criteria  yield 
extremely  low  SI I  values  in  the  case  of  LPI30,  LPI45,  LPI60  and  ECI2  techniques.  In  fact, 
when  a  90/95  a^  selection  criterion  is  used  in  DFM  calculations,  the  SII's  equal  zero  in 
all  four  cases  because  90/95  a^  values  are  greater  than  the  predetermined  a^  values  of  4.S 
ram.  Table  1.  Using  the  90/95  ai  selection  criteria,  the  longest  SI I  obtained  was  of  the 
order  of  1623  cycles  for  the  ECI5*  technique. 

The  SII's  calculated  on  the  basis  of  a*  and  90/mean  a4  were  of  the  same  order 

longest 

of  magnitude  for  all  NDI  procedures  with  the  exception  of  ECI5,  Table  2.  The  deviation  of 
ECI5  from  this  general  trend  is  caused  by  the  single  incident  of  missing  a  2.7  mm  long 
crack.  The  longest  SII's  (2285/2293  cycles)  were  obtained  for  the  ECI5*  technique  upon 
using  a4  and  90/mean  a i  in  the  DFM  calculations . 

^longest  1 


3.2  PFM  ANALYSIS 

The  primary  aim  of  the  PFM  analysis  was  to  simulate  the  consequences  of  missing  a 
crack  during  inspection  and/or  of  material  degradation  during  service.  In  this  paper, 
however,  we  will  only  present  the  PFM  results  dealing  with  the  consequences  of  missing  a 
crack.  A  computer  programme,  using  Monte-Carlo  simulation  technique,  was  written  to 
perform  the  analysis  and  the  flow  diagram  of  the  programme  is  presented  in  Fig.  16. 

The  programme  used  LCF  cycles-to-crack-initiation  (also  known  as  t ime-to-crack- 
initiation  (TTCI ))  distribution  as  a  starting  condition  because  TTCI  provides  an  identifi¬ 
able  crack  for  inspection  by  state-of-the-art  NDI  techniques  and  it  also  permits  the  use  of 
fracture  mechanics  models  for  propagating  the  crack  from  a^  to  a^2®) .  In  addition,  the 
crack  initiation  as  well  as  the  crack  propagation  life  of  a  disc  is  completely  utilized 
through  this  approach.  A  Weibull  distribution  with  known  6  and  ii  values  (similar  to  that 
represented  by  equation  (10))  is  used  to  describe  the  TTCI  distribution  of  the  high  strain 
LCF  damaged  discs.  The  programme  randomly  chooses  a  TTCI  value  for  a  disc  from  the 
specified  Weibull  distribution.  Fig.  17,  and  simulates  the  NDI  of  the  disc.  Since,  by 
definition,  the  disc  contains  a  crack  approximately  0.8  mm  in  length  at  TTCI,  the  NDI 
simulation  for  a  given  technique  is  performed  by  comparing  the  POD  value  at  a  specified 
confidence  level  for  a  0.8  mm  crack  (Figs.  9  to  15)  with  a  computer  generated  uniform 
random  number  between  the  values  of  0  and  1,  which  represents  the  probability  of  missing  a 
crack.  If  the  random  number  generated  is  smaller  than  the  POD  value,  then  the  crack  is 
detected  and  vice  versa.  In  practice,  however,  if  a  crack  is  detected  in  a  disc  during 
inspection  it  will  be  retired  and  for  this  reason  the  simulations  indicating  crack 
detection  were  not  used  in  the  PFM  analysis.  If  the  crack  at  TTCI  goes  undetected  by  the 
NDI  simulation  procedure,  the  programme  randomly  sizes  the  crack,  i.e.  ai,  using  the 
experimentally  determined  log-normal  distribution  of  the  crack  sizes  undetected  by  a 
particular  NDI  technique,  Fig.  18. 

Although,  intuitively,  one  would  expect  the  crack  to  be  0.8  run  in  length  at  TTCI,  an 
estimated  crack  length  of  0.8  mm  by  a  given  NDI  technique  could  actually  be  considerably 
different  if  the  crack  is  measured  accurately  with  the  help  of  SEM.  In  fact,  linear 
regression  analysis  between  NDI  estimated  and  SEM  measured  crack  lengths  was  carried  out  on 
results  from  four  of  the  six  NDI  techniques  during  the  course  of  this  demonstration 
programme.  Table  3  and  Fig.  19.  The  ECI2  and  ECI5  techniques  wore  excluded  from  this  part 
of  the  programme  since  they  did  not  estimate  a  crack  length  but  simply  indicated  whether  a 
crack  was  present  or  not.  Given  an  NDI  estimated  crack  length  of  0.8  mm,  the  measured 
crack  lengths  were  assumed  to  vary  normally  about  the  mean  and  these  normal  distributions 
were  computed  by  using  the  conditional  standard  deviation  across  the  mean  regressed  line  in 
Fig.  19.  The  measured  crack  length  distributions  for  an  estimated  crack  length  of  0.8  mm 
are  plotted  in  Fig.  20  for  LPI30,  LPI45,  LPI60  and  ULW  techniques.  The  ±95%  confidence 
bounds  of  the  measured  crack  lengths  for  an  estimated  crack  length  of  0.8  mm,  using  dif¬ 
ferent  NDI  techniques,  are  also  presented  in  Table  3.  In  the  case  of  LPI30  and  ULW  tech¬ 
niques,  the  SEM  measured  ±95%  confidence  bounds  for  an  NDI  estimated  crack  length  of  0.8  mm 

are  seen  to  vary  from  a  negative  to  a  positive  value.  It  is  obviously  not  possible  to  have 
a  negative  crack  length  but,  theoretically,  this  is  a  solution  since  the  normal  distribu¬ 
tion  extends  from  negative  to  positive  infinity.  Given  this  type  of  a  statistical  guide¬ 
line  for  determining  the  size  of  an  undetected  crack  at  TTCI,  the  random  use  of  'the 
undetected  crack  size  distribution'  was  considered  more  appropriate  for  PFM  analysis.  This 
is  because,  first,  all  cracks  have  a  positive  length,  secondly,  statistically  significant 
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data  bases  were  available  for  all  NDI  techniques  including  ECI2  and  ECI5,  and  thirdly  it 
provides  a  conuaon  basis  for  simulating  the  uncertainties  associated  with  various  NDI  tech¬ 
niques.  In  addition,  the  use  of  the  undetected  crack  size  distributions  as  a  starting 
condition  for  PFM  analysis  would  always  be  best  suited  for  simulating  the  behaviour  of  new 
discs,  thus  making  the  programme  more  versatile^^^  . 

Having  determined  an  a^  value,  the  programme  computes  the  AK^  from  Fig.  7  and  allows 
the  crack  to  grow  from  AK^  to  AKd  in  2  MPa/m  intervals.  To  calculate  Nd,  the  programme 
uses  the  experimentally  determined  da/dN  versus  AK  scatterband,  Fig.  8,  in  a  random 
fashion.  The  crack  growth  rate  equation  is  randomized  following  the  method  proposed  by 
Yang  and  his  co-workera (30, 31 )  auch  that: 

log  =  Z  ♦  log  C  +  n  log  AK  (16) 

where  Z  is  a  normal  random  variable  with  zero  mean  and  a  standard  deviation  equal  to  the 
conditional  standard  deviation  of  the  log  ^  in  Fig.  8.  For  simplicity,  'n'  is  assumed  to 
have  a  constant  value  (e.g.  3.16  for  the  5th  stage  compressor  discs,  see  equations  (11)  and 
(12),  for  all  discs  and  the  scatter  in  da/dN  iB  taken  into  account  by  varying  ’C’  from  one 
disc  to  another.  Typically,  in  100  computer  simulations  da/dN  varies  between  ±2  condition¬ 
al  standard  deviations.  The  programme  finally  subtracts  the  original  TTCI  low  cycle 
fatigue  cycles  to  yield  purely  Nd  data  that  can  be  compared  with  DFM  results.  The  Nd  data 
computed  for  a  large  number  of  discs  are  sorted  numerically  and  given  a  cumulative  proba¬ 
bility  plotting  position  using  both  log-normal  and  Weibull  distribution  functions.  Both 
least  squares  and  maximum  likelihood  lines  are  drawn  through  the  cumulative  probability  of 
failure  data  to  calculate  the  correlation  coefficients  for  the  PFM  generated  Nd  distribu¬ 
tion.  Finally,  the  computer  programme  calculates  a  SII  at  0.10%  F  using  the  Weibull  or  the 
log-normal  distributions. 

It  will  be  recognized  that,  while  generating  an  Nd  distribution  through  PFM  analysis, 
a  sufficient  number  of  simulations  must  be  carried  out  to  adequately  represent  the  distri¬ 
bution.  Therefore,  a  stability  and  convergence  test  was  carried  out  where  10,  50,  100, 

200,  500,  1000,  2000  and  5000  simulation  runs  were  repeated  a  number  of  times  and  a  statis¬ 
tically  significant  SII  data  base  was  generated  for  each  type  of  simulation  run.  A  normal 
distribution  was  then  fitted  through  each  set  of  SII  data  in  order  to  determine  the  mean 
and  the  standard  deviation  for  the  SII.  If  the  mean  SII  values  are  close  to  one  another 
for  all  simulations,  the  data  indicate  good  convergence  whereas  very  small  standard  devia¬ 
tions  about  the  mean  indicate  good  stability.  It  was  found  that  5000  simulations  gave 
stable  SII  estimates  and  the  maximum  likelihood  SIIs  converged  better  than  the  least 
squares  estimates.  Above  500  simulations,  however,  the  least  squares  SII  estimates  also 
showed  good  convergence . 

A  total  of  7,000  simulations  were  carried  out  for  each  NDI  technique  using  the  mean 
and  the  95%  confidence  POD  data  in  separate  computer  runs.  All  Nd  data  bases  were  plotted 
in  accordance  with  the  Weibull  and  the  log-normal  distributions  and  the  least  squares  lines 
were  drawn  through  the  PFM  generated  data  to  determine  the  SII  values  from  these  plots. 
Typical  Weibull  and  log-normal  plots  for  LPI60,  ULW  and  ECI5*  are  shown  in  Figs.  21,  22  and 
23  respectively.  The  results  of  all  PFM  simulations  are  presented  in  greater  detail  in 
Tables  4  and  5.  These  tables  list  the  number  of  cracks  missed  by  each  NDI  technique,  the 
least  squares  line  correlation  coefficients  for  the  Weibull  and  the  log-normal  distribu¬ 
tions  and  the  SII  values  at  0.1%F.  It  is  evident  from  Tables  4  and  5  that  LPI  and  ECI2 
techniques  missed  the  greatest  number  of  cracks  followed  by  the  ULW  technique  whereas  the 
ECI5  missed  the  least  number  of  cracks  of  all  NDI  techniques.  As  expected,  the  number  of 
cracks  missed  by  a  given  NDI  technique  increases  significantly  when  95%  confidence  POD  data 
is  used  instead  of  the  mean  POD  data  in  PFM  simulations.  These  data  therefore  indicate 
that  for  a  crack  length  of  0.8  mm  the  ECI5  technique  is  more  sensitive  and  reliable  than 
any  other  technique  considered  in  this  demonstration  programme. 

A  comparison  of  the  correlation  coefficients  for  the  Weibull  and  the  log-normal 
distributions  in  Tables  4  and  5  indicates  that  the  Weibull  distribution  provides  a  slightly 
better  fit  to  the  Nd  data  bases  in  the  case  of  LPI30,  LPI45,  LPI60  and  ECI2  techniques.  In 
contrast,  the  log-normal  distribution  marginally  fits  the  data  better  in  the  case  of  ULW 
and  ECI5  techniques.  These  observations  suggest  that  the  underlining  log-normal  distribu¬ 
tion  for  the  undetected  crack  sizes  is  not  unduly  biasing  the  overall  Nd  distribution,  thus 
proving  the  randomness  of  the  PFM  analysis  in  this  demonstration  programme. 

The  highest  SII  values  were  obtained  for  the  ECI5  techniqie,  closely  followed  by  the 
ULW  .technique,  whereas  the  SII  values  were  considerably  lower  for  ECI2  and  LPI  techniques. 
Tables  4  and  5.  This  is  because  ECI5  and  ULW  techniques  primarily  miss  a  large  number  of 
smaller  cracks  which  results  in  smaller  aA  values,  and  in  turn  a  larger  number  of  fatigue 
cycles  are  required  to  grow  the  crack  from  the  randomly  chosen  a^  value  to  a  fixed  ad  value 
of  4.5  mm.  In  contrast,  the  LPI  and  ECI2  techniques  miss  a  large  number  of  longer  cracks 
thus  decreasing  the  number  of  fatigue  cycles  required  to  grow  a  large  ai  to  a  fixed  ad.  It 
should  also  be  noted  that  the  mean  and  the  95%  confidence  POD  data  do  not  appear  to  influ¬ 
ence  the  SII  values  significantly.  Tables  4  and  5.  It  will,  however,  be  recognized  that 
the  95%  confidence  POD  data  only  increases  the  number  of  cracks  undetected  relative  to  the 
mean  POD  data  during  PFM  simulations,  whereas  the  same  ’undetected  crack  size  distribution' 
is  used  to  size  the  cracks  in  both  cases.  Therefore,  as  long  as  a  statistically  signifi- 
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cant  number  of  cracks  90  undetected  in  both  cases,  one  should  expect  these  similarities  in 
SI I  values  for  a  given  NDI  technique. 

The  PFM  results  also  indicate  that  for  a  given  NDI  technique,  the  SI I  value  computed 
on  the  basis  of  the  log-normal  distribution  is  considerably  larger  than  the  value  predicted 
on  the  basis  of  the  Weibull  distribution.  Tables  4  and  5.  This  discrepancy  arises  from 
force  fitting  the  log-normal  distribution  which  does  not  take  into  account  a  number  of  data 
points  with  lower  values.  In  contrast,  the  Weibull  distribution  takes  the  whole  data 
base  into  account  while  predicting  a  SI  I  value. 


4.  CONCLUDING  REMARKS 

Traditionally,  a  binomial  distribution  has  been  used  to  specify  the  confidence  bounds 
for  POD  data  because  it  is  said  to  provide  an  optimum  fit  to  the  experimental  results^32). 
The  major  problem  with  the  binomial  distribution  in  terms  of  the  type  of  inspection  data 
generated  in  the  present  work,  i.e.  one  observation  per  crack,  is  related  to  the  fact  that 
the  confidence  bounds  are  significantly  influenced  by  the  number  of  cracks  contained  in  a 
crack  length  interval,  Fig.  24,  and  therefore  the  method  used  to  choose  this  interval .  In 
addition,  the  USAF  'Have  Cracks  Will  Travel*  NDI  programme  on  aircraft  structural  compon- 
ents^27),  where  multiple  observations  per  crack  were  carried  out,  demonstrated  that  cracks 
of  the  same  length  could  have  different  POD  values.  The  binomial  distribution  on  the  other 
hand  assumes  that  a  specific  crack  length  will  always  reveal  the  same  POD  for  a  given  NDI 
procedure.  Because  of  these  limitations  Berens  and  Hovey^27)  concluded  that  a  log- 
logistic  curve  was  the  most  suitable  method  for  describing  POD  data.  Having  used  the  log- 
logistic  POD  analysis  method  in  the  present  work,  it  was  found  that  the  90/mean  and  90/95 
ai  values  for  the  most  sensitive  NDI  techniques,  e.g.  the  ECI5  and  the  ULW,  do  not  even 
come  close  to  the  ai  guidelines  provided  in  the  USAF  MIL-STD-1783 ,  Table  1.  The  USAF 
MIL-STD-1783  suggests  that  uncovered  surface  flaw  lengths  of  0.4  mm  shall  be  assumed  to  be 
present  in  the  case  of  the  ECI  and  ultrasonic  inspection  techniques.  The  smallest  90/mean 
and  90/95  a^  values,  1.25  mm  and  1 . 7S  mm  respectively,  were  obtained  in  the  case  of  ECI5* 
assuming  that  the  2.7  mm  long  crack  missed  by  the  manual  ECI5  technique  was  the  result  of 
an  operator  error.  It  is  therefore  likely  that  the  ECI 5  technique  would  have  to  be  auto¬ 
mated  to  reliabily  obtain  the  a^  values  listed  in  Table  1  in  a  production  environment.  It 
may  also  be  possible  to  use  more  sensitive  probes  in  the  case  of  the  ECI  technique  in  order 
to  obtain  smaller  90/mean  and  90/95  values.  Increasing  the  eddy  current  probe  sensitiv¬ 
ity  could,  however,  lead  to  a  greater  number  of  'false  calls'.  In  this  demonstration 
programme,  the  ECI5  technique  resulted  in  the  maximum  number  of  'false  calls'  relative  to 
the  other  NDI  techniques  considered.  Table  6. 

The  DFM  analysis  indicates  that  a-  and  90/mean  a*  criteria  yield  similar  SI I 
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values  for  a  given  NDI  procedure.  Table  2.  On  the  other  hand,  USAF  MIL-STD-1783  suggests 
that,  from  a  reliability  point  of  view,  the  90/95  ai  criterion  should  be  used  for  SI I 
calculations  and  this  criterion  is  shown  to  reduce  the  SI I  values  dramatically  for  all  NDI 
techniques.  Table  2.  It  could,  however,  be  argued  that  once  an  engine  is  disassembled  at 
inspection,  the  discs  can  be  inspected  as  many  times  as  deemed  necessary  to  meet  a  specific 
reliability  requirement.  Under  these  circumstances,  therefore,  the  use  of  the  90/mean  a^^ 
criterion  may  prove  to  be  a  better  choice  since  it  would  yield  a  longer  SI I  value.  Use  of 
the  90/mean  ai  criterion  is  feasible  only  if  the  inspection  procedure  is  fully  automated 
because  the  inspection  costs  for  a  labour  intensive  technique  could  otherwise  prove 
uneconomical . 

The  DFM  calculations  also  indicate  that  out  of  all  NDI  techniques,  the  ULW  and  ECIS* 
techniques  yield  the  largest  SII  values  (2000  and  2300  fatigue  cycles  respectively).  Table 
2.  However,  depending  upon  the  operational  role  of  a  military  engine,  a  safe  inspection 
interval  should  typically  be  of  the  order  of  4000  to  8000  cycles  for  the  DTLP  procedure  to 
be  cost  effective.  These  results  therefore  indicate  that  the  DFM  based  SI Is  may  not  prove 
to  be  cost  effective  in  the  case  of  J85-CAN40  engines.  In  contrast,  the  PFM  results  in 
Table  4  suggest  that  cost  effective  SIIs  can  be  obtained  provided  that  either  the  ECI5  or 
the  ULW  techniques  are  used  to  inspect  the  discs.  The  large  differences  in  the  DFM  and  PFM 
predicted  SII  values  simply  reflect  the  fact  that  the  worst  cane  combination  of  a^  and 
used  in  DFM  calculations  ,  did  not  occur  during  7000  disc  simulations  in  any  PFM  computer 
run. 


However,  the  PFM  predicted  SII  values,  listed  in  Table  4,  should  not  be  accepted  at 
face  value.  This  is  because  the  a^  distributions  used  in  the  PFM  calculations  (Figure  18) 
comprise  of  a  large  number  of  short  cracks  and,  for  simplicity,  we  have  assumed  that  the 
growth  rate  of  the  these  short  cracks  can  be  depicted  by  the  CT  specimen  data  within  the 
Paris  regime  of  crack  growth.  There  is  now  increasing  evidence  to  show  that  short  crack 
behaviour  differs  considerably  from  long  crack  behaviour  and  that  evaluation  of  lifetimes 
based  on  long  crack  data  can  be  nonconservative  especially  at  lower  stresses^33 ^ . 
Therefore,  the  front  end  of  the  PFM  computer  programme  used  in  the  present  analysis. 

Fig.  16,  would  have  to  be  modified  to  incorporate  a  short  crack  growth  rate  model  instead 
of  the  TTCI  data  base.  Assuming  that  an  appropriate  analytical  model  along  with  a  statis¬ 
tically  significant  short  crack  growth  rate  data  base  are  available  to  meet  these  require¬ 
ments,  an  engineer  is  still  faced  with  the  dilemma  of  drawing  a  boundary  condition  between 
the  short  and  the  long  crack,  i.e.  when  does  a  short  crack  begin  to  behave  like  a  long 
crack. 
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Table  1:  Comparison  of  values  selected  for  use  in  DFM 
calculations  using  different  selection  criteria. 


NDI 

Technique 

ax  values  in  mm 

longest 

crack 

missed 

at  90%  POD 
from  mean  log- 
logistic  curve 

at  90%  POD  from  log- 
logistic  curve  with 
95%  confidence 

LPI30 

3.98 

3.75 

6.40 

LPI45 

4.33 

4.25 

8.35 

LPI60 

3.70  (0.8) 

3.45 

6.20 

EC  1 2 

4.43 

5.60 

>10.00 

EC  1 5 

2.70 

1.65 

4.10 

ECI 5* 

1.27  (0.4) 

1.25 

1.75 

ULW 

1.48  (0.4) 

1.85 

2.90 

♦assuming  that  the  2.7  mm  log  crack  missed  by  ECI5  was  an  operator 
error . 

(  )  A  guide  for  selecting  a^  values  from  MIL-STD-1783  prior  to 

in-service  verification. 


Table  2:  Influence  of  the  sensitivity  and  combined 
sensitivity  plus  reliability  of  NDI 
techniques  on  DFM  based  SI I  calculations. 


NDI 

Technique 

SII  in  cycles 

using  different 

selection 

as 

^longest 

90/mean  a^ 

90/95  &i 

LPI30 

183 

278 

0 

LPI45 

53 

80 

0 

LPI60 

295 

405 

0 

EC  1 2 

20 

0 

0 

ECI  5 

815 

1773 

135 

ECIS* 

2293 

2285 

1623 

ULW 

1973 

1989 

695 

*  Assuming  that  the  2.7  mm  long  crack  missed  by  ECIS  was  an 
operator  error. 


Table  3:  Correlation  between  NDI  estimated  and  SEM  measured  crack  lengths  for  different 
NDI  techniques. 


NDI 

Techingue 

Regression  analysis  results  for  estimated 
versus  measured  crack  lengths 
^measured  =  sloPe,<aNDI*  intercept)  in  mm. 

Measured  crack  length  in  mm 
for  an  estimated  crack 
length  of  0.8  mm. 

Mean 

Line 

Slope 

Mean  Line 
Intercept 

Conditional 

Standard 

Deviation 

Mern 

“95% 

conf idence 

♦  95% 

conf idence 

LPI30 

0.470 

1.460 

1.05575 

1.84 

-0.23 

+  3.91 

LPI45 

0.760 

1.220 

0.85384 

1.83 

♦0.16 

+  3.50 

LPI60 

0.820 

0.660 

0.59043 

1.32 

+0 . 16 

+  2.48 

ULW 

0.990 

-0.200 

0.55908 

0.59 

-0.51 

♦  1.69 

Table  4: 


The  PFM  analysis  results  for  7000  simulations  using  a  Weibull 
distribution  to  calculate  SIX  at  0.1%  F  N^. 


NDI 

Technique 

No.  of  cracks 
undetected  upon 
using 

Safe  inspection 
interval  in 
cycles  upon  using 

Least  squares 
correlation 
coefficient  (r2) 

Mean 

POD 

95% 

conf idence 
POD 

Mean 

POD 

95% 

conf idence 
POD 

Mean 

POD 

95% 

conf idence 
POD 

LPI30 

6140 

6787 

1740 

1871 

0.95 

0.94 

LP 145 

5822 

6721 

1627 

1584 

0.95 

0.94 

LPr60 

4695 

6069 

2374 

2282 

0.96 

0.94 

EC  1 2 

4929 

6211 

1554 

1491 

0.96 

0.93 

EC  1 5 

1503 

3066 

4465 

4615 

0.87 

0.89 

ECI5* 

1514 

2326 

4685 

4768 

0.87 

0.87 

ULW 

3801 

5620 

3652 

3580 

0.92 

0.91 

*  Assuming  that  the  2.7  mm  long  crack  missed  by  ECI5  was  an  operator  error. 


Table  5:  The  PFM  analysis  results  for  7000  simulations  using  a  log-normal 
distribution  to  calculate  SII  at  0.1%  F  Nd. 


NDI 

Technique 

No.  of  cracks 
undetected  upon 
using 

Safe  inspection 
interval  in 
cycles  upon  using 

Least  squares 
correlation 
coefficient  (r2) 

Mean 

POD 

95% 

conf idence 
POD 

Mean 

POD 

95% 

conf idence 
POD 

Mean 

POD 

95% 

confidence 

POD 

LPI30 

6140 

6787 

3397 

3606 

0.94 

0.94 

LPI45 

5822 

6721 

3215 

3175 

0.93 

0.93 

LPI60 

4695 

6069 

4139 

4199 

0.94 

0.94 

EC  1 2 

4929 

6211 

3046 

3052 

0.94 

0.91 

EC  1 5 

1503 

3066 

6961 

7121 

0.88 

0.89 

ECI5* 

1514 

2326 

7235 

7321 

0.87 

0.88 

ULW 

3801 

5620 

5846 

5893 

0.92 

0.93 

*  Assuming  that  the  2.7  mm  long  crack  missed  by  ECI5  was  an  operator  error. 


Table  6:  The  'false  calls'  data  for  all  NDI  techniques. 


NDI 

Technique 

%  false  calls  .  , 

no.  of  nonexistent  cracks  detected 

Total  no.  of  cracks  present 

LPI30 

0.9 

LPI45 

0.0 

LPI60 

0.6 

EC  1 2 

0.9 

EC  1 5 

2.4 

ULW 

0.6 

1.  Schematic  representation  of  the 
damage  tolerance  based  life 
prediction  methodology  for  discs 
where  fracture  mechanics  is  used  to 
predict  a  safe  inspection  interval. 


Fig.  2.  Orientation  of  the  compact  tension 
specimens  as  machined  from  the 
J85-CAN40  5th  stage  compressor 
discs . 


Fig.  3.  Geometry  of  the  compact  tension 

specimen  used  to  generate  fatigue 
crack  growth  rate  (FCGR)  data  at 


Fig.  6. 


Scanning  electron  micrograph 
showing  the  typical  thumbnail 
profile  of  a  crack  that  was 
missed  by  all  NDI  techniques. 


Fig. 


*  (mm) 


7.  Three  dimensional  finite 

element  analysis  results  for 
the  5th  stage  compressor  disc 
showing  stress  intensity  range 
varying  as  a  function  of  crack 
length.  (Ref.  25). 


ir  <MPt\  ml 


Fig.  8.  Fatigue  crack  growth  rate  data 
from  six  compact  tension 
specimens  showing  the  upper  and 
lower  confidence  bounds  at  ±3 
conditional  standard  deviations. 
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Cr wck  Length  (mm) 


Fig.  9.  Probability  of  detection  data  for  the  Fig.  10. 
liquid  penetrant  inspection  technique 
using  a  30  minute  dye  penetrant 
soaking  period  (LPI30). 


Probability  of  detection  data  for 
the  liquid  penetrant  inspection 
technique  using  a  45  minute  dye 
penetrant  soaking  period  (LPI45). 


Fig.  11.  Probability  of  detection  data  for  Fig.  12. 
the  liquid  penetrant  inspection 
technique  using  a  60  minute  dye 
penetrant  soaking  period  (LPI60) . 


Probability  of  detection  data  for 
the  manual  eddy  current  inspection 
technique  using  a  low  gain  setting 
( ECI2 ) . 


Crack  Length  (mm) 


* 

| 

S 

I 


Creek  Lfigth  (mm) 


Fig.  13.  Probability  of  detection  data  for 
the  manual  eddy  current  inspection 
technique  using  a  high  gain  setting 
(ECI5) . 


Fig.  14.  Probability  of  detection  data  for 
the  ultrasonic  leaky  wave  (ULW) 
inspection  technique  using  a  C-scan 
system. 
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Fig.  21.  The  PFM  based  Nd  data  for  the  LPI60  technique  using  the  lower  95% 

confidence  bound  to  generate  the  POD  data  and  the  undetected  crack  size 
distribution  to  size  the  missed  cracks:  (a)  Weibull  analysis  results, 
and;  (b)  Log-normal  analysis  results. 
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Fig.  22.  The  PFM  based  Nd  data  for  the  ULW  technique  using  the  lower  95% 

confidence  bound  to  generate  the  POD  data  and  the  undetected  crack  size 
distribution  to  size  the  missed  cracks:  (a)  Weibull  analysis  results, 
and;  (b)  Log-normal  analysis  results. 
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Fig.  23.  The  PFM  based  data  for  the  ECI5*  technique  using  the  lower  95% 

confidence  bound  to  generate  the  POD  data  and  the  undetected  crack  size 
distribution  to  size  the  missed  cracks:  (a)  Weibull  analysis  results, 
and;  (b)  Log-normal  analysis  results. 
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Fig.  24.  The  lower  95%  confidence  bounds 
varying  as  a  function  of  crack 
length  for  the  EC I 5  technique 
determined  with  the  help  of  the 
binomial  distribution.  The  dotted 
line  represents  results  obtained  by 
the  optimized  probability  method 
(OPM)  whereas  the  solid  line 
represents  the  results  obtained  by 
the  range  interval  method  (RIM) . 
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LES  DEVELOPPEMENTS  A  COURT  TERME  DES  CONTROLES 
NON  DESTRUCT1FS  APPLICABLE  AUX  PIECES  DE  TURBOMACHINES 

par 

J.Vaerman 
SNECMA  Corbeil 
BP.  81 

91003  Evry  Cedex 
France 


1.  IlfTROOUCTIOf 

Let  contrftlet  non  dettructift  tout  et  demeureroat  un  det  facteurs  dAterminants  de  It  qualltA 
et  de  It  tAcurltA  det  turboaachlnea  aAronautlques. 

II  ett  dAsormals  unanimeaent  tdatlt  que  1'intAgrltA  structurale  de  eelles-cl  dolt  Atre  essurAe 
en  tenant  coapte  de  It  prAtenee  Arentuelle  de  dAfautt  de  fabrication  ou  d'endommagements  ea 
service  reattnt  dent  det  limltes  dAf inlet  " acceptable* " ,  qui  teadeat  A  devenlr  de  plut  en 
plut  faiblet  en  valeur  et  en  tolArance  de  ditpertloa.  L* absence  de  dAfautt  internet  ou 
tuperficielt  supArleurt  A  cet  limltes  nAcessite  la  site  ea  oeuvre  de  contrftlet  non 
dettructift  de  plut  ea  plut  efficaeei  at  fiablet. 

Pour  tmAllorer  1‘efflcacltA  et  la  flebllltA  det  contrftlet  non  dettructift,  quel  que  tolt  le 
principe  physique  exploitd,  il  ett  iaditpentable  de  let  atructurer  tur  la  bate  d'une 
organisation  en  phttet  AlAmentalret  qul  toot  prAsentes  dans  tout  lea  cat. 

Le  schAma  de  principe  de  la  figure  1  prAsente  de  maniftre  tynoptique  1* organisation  de  ces 
phases  AlAmentaires. 

Jusqu'A  un  pats*  rAcent,  ce  type  de  processus  de  fonctlonnement  d'un  contrftle  non  destructlf 
Atait  contldArA  de  manlAre  globale.  II  Atait  adais  que  le  rAsultat  du  contrftle  tolt  fluctuant 
et  que  l'Avaluation  det  dAfautt  demeure  qualitative  ou  seal  quantitative. 

Let  besoins  no uveaux  en  caractArlsation  quantitative  det  dAfautt  alntl  qu'en  flabllltA  de 
dAtection  justifient  let  actions  de  progrAs  qui  sont  aalntenant  aenAes  de  aanlAre  tpAcifique, 
au  niveau  de  cheque  phase  du  processus  reletlf  A  cheque  principe  physique  exploit*. 


2.  LES  PHASES  BLEHmAIRBS 


2.1.  GAaAratlon  de  1* Anergle  d' excitation 

2.1.1.  Prlnclpet  coaaunt  A  l' ensemble  det  techniques 


Pour  la  plupart  det  techniques  CWD  appliquAet,  1' Anergle  d1 excitation  ett  gAnArAe  par 
trant format ion  d'une  Anergle  de  sollieitation  priaaire  (Anergle  de  solllcltatlon  d'un  AlAaent 
plAxoAlectrique  par  example)  elle-mftma  Issue  d'un  courant  Alectrlque  d' alimentation  (secteur). 

Let  sources  d'Anergiet  d' excitation  proprement  dltes  (rayonnement  AlectromagnAtlque, 
vibrations  US,  Courinta  de  Foucault)  sont  gAnAralement  dAf inlet  par  let  caractAristiques 
assent lelles  sui rentes  ; 

-  dimensions  :  pone tue lie  Atendue, 

-  forme  du  faltceau  de  radiation  Amis  :  divergent,  parralAle  ou  convergent 

-  le  type  d' Ami ft Ion  contl nu  ou  lmpultlonnel, 

-  1' intent itA, 

-  la  frAquence  temporelle  de  la  source  ou  spatiale  du  faltceau  Amis. 

Certalnea  de  cet  caractAristiques  sont  dAf inlet  par  construction,  d'autret  ajustables  par 
rAglages  manuals  et  plus  rAcemment  par  commando  automat ique  programmAe  det  Anerglet  de 
solllcltatlon  prlmalret. 

Let  exigences  de  performances  et  de  qualltAs  det  sources  sont  tans  cease  croltsantet 
fonction  de  tranafert,  prAclsion  det  rAglages,  stabllitA  de  fonctionnement,  insensibility  A 
l'envlronaement. 

Let  betolnt  prAvlsibles  A  court  terms  nAcessltent  des  dAveloppementt  dont  quelques  examples 
sont  donnAt  cl-aprAs  : 
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2.1.2.  Traducteurs  ultrasonores 


Les  traducteurs  appllquent  la  prlnclpe  da  It  pidsoldctrleltd  rdteralble. 
2. 1.2.1.  Aaortisseaent  da  1‘ftlAaeat  vibrant 


La  sensibilltd  d'un  traductaur  aolllcltd  par  impulsions  crolt  arac  la  niveau  d'dnergle  daise. 
Sa  rdsolution  aat  mo  Ins  bonne  lorsque  la  durde  da  vibration  de  i'dldaent  vibrant  aat  plus 
longue.  Actuelleaent,  1 ’aaortisseaent  de  In  vibration  da  la  cdraaique  aat  rdalisde  an 
changeant  aa  face  arrldre  (Backing)  ce  qul  rddult  l'dnergle  daise  done  an  sensibilltd. 

Du  fait  dea  fortaa  rupturea  d'lapddance  antra  milieux  auccaaalfa  (cdraaique,  couplage,  piAce, 
ddfaut)  traversds  deux  foie  (contrftle  par  rdflexioa),  la  aignal  da  ddfaut  racuallll  par  la 
cdraaique  reprdaente  una  faible  part  da  l'dnergle  daise  (Fig.  2). 


One  dtude  rdeente  *  a  aontrd  qu'una  aolutlon  A  ca  probldae  principal  da  rupture  d’lapddance 
antra  cdraaique  at  allleu  da  couplaga  comlatait  A  utilleer  dea  couches  d' adaptation 
d'lapddance  antra  caa  deux  milieux  da  aanlArt  k  amort  ir  laa  vibration*  da  la  cdraaique  par  aa 
face  avant,  augaenter  l'dnargie  dalle,  done  sad 11 or *r  siaultandatnt  la  aanalbilltd  de 
ddtection  at  de  rdaolutlon  du  traductaur.  L‘ adaptation  da  1'iapddance  dlactrlqua  d’entrde  aat 
auaai  un  factaur  A  conalddrer. 

Les  noddle*  rdaliada  dan*  le  cadre  da  catte  dtuda  ont  Atd  valldde  expdrlmentaleaeut.  laura 
prise  en  coapte  par  lea  fabricanta  da  traductaur  devralt  aboutir  A  la  fonction  da  bande 
pasaanta  la  plus  large  poaalbla  done  A  un  progrds  aanalbla  dans  l'efflcaeltd  das  contrMas 
ultrasona  (figure  3). 

2. 1.2. 2.  Caractdristiques  acoustiques  du  faiacaau 


La  mature  da  la  press  ion  acoustlque  en  dlffdrants  points  d'un  falsceau  ultrasonore  at  le 
tracd  dea  isobar**  panaattent  d'en  ddflnir  la  for**.  La  aanalbilltd  maxlaale  da  ddtection  dea 
ddfauts  aa  aitua  dans  la  cone  od  la  press  ion  acouatiquo  aat  maxi  Bale.  Catte  rone 
habitual lament  centrd*  aur  l'axa  longitudinal  du  faiacaau  constltue  la  tache  focala  lorsqu'il 
eat  focalisd,  sa  distance  noBlnale  par  rapport  au  traductaur  dtant  gdndraleBant  ddflnie  dans 
l'aau. 

Lorsqu'un  faiacaau  focalisd  traverse  perpandiculalreaant  un  dioptre  plan  (Billeu  de 
couplage -aatdr l aux  A  contrdler)  la  distance  focale  eat  Bodifide  par  affat  de  rdfractlon 
(incidence  oblique  dea  rayons  s’dcartant  de  l'axa  en  falsceau)  Bala  la  tache  focale  reate 
approx last iveaent  sjmttrlque.  Locaque  la  gdoadtrle  du  dioptre  devient  une  surface  cyllndrlque 
(contrftle  de  barres  ou  de  fond  d'alvdoles,  etc.)  la  syadtrie  gdoBAtrlque  du  volume  de  la 
tache  rocale  eat  ddtrulte  d'autant  plus  que  le  rayon  du  cyllndre  eat  faible.  On  constate  une 
augmentation  du  diamdtre  de  la  tache  focale  et  de  aa  profondeur  dans  le  plan  perpend icu la  ire 
A  celul  coaprenant  la  gdndratrlce  du  cyllndre.  Cette  dAfocallsatlon  entralne  une  perte  de 
sensibilltd  de  ddtection. 

Pour  les  contrftles  A  haute  performance,  il  eat  ndeessaire  de  corrlger  cette  aberration 
gdoadtri que.  Cette  correction  eat  aalntenant  possible  en  utillaant  dea  Aldaenta  de 
focalisatlon  de  forae  bifocale.  Lea  gains  conatatda  en  sensibilltd  de  ddtection  aont 
slgnif icatlfa  (Fig.  4  et  5). 

En  conclusion  de  ce  chapltre,  nous  pouvons  retenir  que  : 

les  recherchea  acientlf iquea  dans  le  doaaine  de  la  physique  de*  traducteurs  aont  ddsorasis 
bien  actives, 

-  le#  progrds  aeront  d'autant  plus  sflreaent  et  rapideaent  rdaliada  que  lea  besoins  aeront 
plus  rigoureuaeaent  ddfinls  et  que  les  fabricanta  de  chalnes  de  assures  ultroaonores  et  de 
traducteurs  coordonneront  leurs  efforts. 

2.1.3.  Sondes  d  Coursnts  de  Foucault 


La  ddtection  de*  ddfauts  de  surface  ou  sous-jacents  par  Coursnts  de  Foucault  repose  aur 
1' Induction  dlectroaagndttque .  L'excitatlon  eat  gdndrde  par  une  boblne  alinentde  par  un 
courant  alternatlf.  On  aeaure  1' lapddance  de  la  boblne  qui  eat  luodlfide  par  la  proxiaitd  de 
la  surface  de  la  pidee  et  les  variations  de  cette  proxiaitd  lides  A  : 


Uniters  ltd  de  technologle  de  Coapidgne. 
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-  des  Imprecision*  4*  dhplseameat  da  toad*  par  rapport  4  la  surface. 

-  la  mieroghomhtrle  da  aurfaca.  la  prhssnce  da  traces  da  chocs, 

-  las  variations  locales  da  enrncthrlstlquns  tlectrlques  oa  Mgnhtlques, 

-  1' insteblllth  an  temperature, 

-  la  presence  das  eriques,  iaclasloas. . . .  4  deteeter. 

Lorsqua  la  frequence  du  courant  d‘ alimentation  da  la  bobine  eat  augments# .  la  penetration  da 
1 'excitation  ddcrolt  Mis  la  densltS  da  Courants  da  Foucault  da  surface  crolt. 

Si  la  soada  ast  eoastitude  d'une  staple  bobiaa  at  qua  la  frSquanee  ast  inadaptSe,  las 
aaoaalies  das  4  praalars  points  4nuair4s  ci-dassus  pauvant  doanar  das  Indications  plus 
laportaates  qua  las  dSfauts  4  detector  (darnlar  point). 

4fta  d'aecroltre  l'afflcacltd  das  contrftles  par  Couraats  da  Foucault,  las  aa41 l orations  d*j4 
r4alis4as  ou  an  cours  portent  sur  : 

-  la  focalisatlon  du  chaap  d' excitation  qul  accrolt  la  sansibllltd  da  ddtaetion  at  la 
resolution  lateral#, 

-  la  division  das  boblnes  an  deux  parties  (avac  ou  sans  blindage  Intarcalalra)  afln 
d'amSliorer  encore  la  focalisatlon. 

-  1'utillsation  da  deux  boblnes  nontdas  an  opposition  sfln  d'amSllorer  la  stsbllttd  an 
temperature  par  compensation  da  l'affat  da  son  variations.  Ca  montage  ast  aussi  favorable 
pour  1' utilisation  da  champs  Mgndtlquas  plus  intansas. 

-  la  baleyage  an  frequence  (projection  multi frequence  ou  mult iparamht res)  qul  parmat  une 
optimisation  da  la  saoslbilitd  da  ddtaetion  sur  una  profondaur  plus  dtendue,  une  mellleure 
discrimination  antra  perturbations  parasites  at  celles  4  prendre  an  compte. 

-  1’ excitation  pulsda  gdndrda  par  das  Impulsions  4  large  banda  d'un  spectra  da  frdquanca 
continu. 

L' amplitude  du  signal  ast  dvaluda  an  fonction  du  tamps  (similitude  avac  l'dchographla 
ultrasonora).  Cette  adtbode  encore  au  stsde  das  dtudes  favorlsarait  una  haute  sansibllltd 
da  ddtaetion,  une  rdsolutlon  emdllorde  ainsl  qu'una  bonne  flabilitd.  La  progrds  saralt 
partlculidremant  sensible  au  niveau  da  la  prdelaion  da  mesura  : 

.  da  la  profondaur  das  ddfauts, 

.  des  dpelsseura  notamment  lorsqu1 alias  sont  lnfdrlauras  4  0,5  mm. 

Gdndrstaurs  da  rayons  X 


La  courba  caractSrlatlque  d'un  film  radiograph Iqua  ast  traeSe  4  psrtlr  da  la  relation  antra 
la  logerlthme  da  1 'exposition  at  la  densltS  optlqua  du  film.  11  ast  done  ndceasilre  da  bian 
determiner  las  vslaurs  d'exposltion,  ea  qul  n'ast  pas  courant  at  encore  difficile. 

Afln  da  connaltra  at  optimiser  las  esrsetdristiquas  d'une  irradiation  issue  d'un  gSnSrateur 
da  rayons  X,  las  psrsmdtraa  essentials  4  prsndre  an  compte  sont  las  sulvantt  : 

-  valaur  da  la  haute  tension, 

-  spectra  d'dmlssion, 

-  repartition  angulslra  da  la  fluanca  das  photons  dans  la  falscaau  utile, 

-  dimension  du  foyer. 

La  valaur  da  la  haute  tension  ast  g4n4raleMnt  Inaccessible  directemant.  Cast  plutftt  la 
reproduct ibll its  an  fonction  daa  ml  sea  an  service  succasslvas  at  du  vlailllssamant  qui  ast 
actuellement  consld4r4a.  L'4cart  da  la  valaur  da  la  hnuta  tana ion  paut  attelndre  : 

-  qualquaa  X  pour  daa  g4n4rataura  ancient  4  rSglages  analogiquas, 

-  miaux  qua  1  X  pour  dec  gdndrataurs  plus  recants  4  commands  numSrlqua,  0,05  X  pour  la* 
Milleurs. 

Cas  rSsultsts  r4v41ant  un  progrds  sensible  dans  l'amSll oration  da  la  reproduct ibll ltd  das 
vslaurs  da  haute  tension  propres  4  ehaeun  das  g4n4rateurs  recants. 

Cepeodant,  l'absanca  da  r4f4ranea  commune  indult  un  douta  certain  dsns  l'4valuatlon  das 
hearts  antra  apparalllngas. 

Etant  donnd  qua  la  tension  d'sccSldrition  <HT)  determine  l'Snergie  das  photons  at  lea 
coefficients  d' absorption  sstociSs,  das  hearts  d' exposition  conshcutlfs  4  caux  da  la  HT  sont 
doanhs  ci-aprhs  4  titra  indicatif. 


B CARTS  DES  VALSUKS  DC  HT 

EM  X 

B CARTS  D' EXPOS ITIOM  X 

A  U  SORT IB  DC  L’ ABSORB AMT 

1 

4 

4 

7 

2 

8 

4 

15 

5 

20 

4 

40 

L' influence  das  hearts  paut  done  hire  important#. 
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A  noter  encore  que  : 

-  l«  sensibilltA  d'une  teultioa  pbotogrephlque  Mt  rAdulte  d'un  teeteur  20  lorsque  l'Anergie 
da*  photons  croit  do  40  i  200  keV, 

-  1‘ irradiation  d'uo  tub#  Ex  vorio  d'un  foctour  2  lorsque  1‘Apaisaeur  du  flltro  Interne  varle 
do  0,4  4  0,7  as,  variation  encore  occoatudo  si  lo  spectre  coat  lent  beaucoup  do  photons  do 

basso  4oergie. 

11  pareit  done  ndcesselre  d‘ avoir  des  toldrences  plus  s4v4r«s  pour  I'Apaisseur  de»  f litres 
propres  eux  tubes  et  une  ■eilleure  connaissence  des  spectres  d'4alsslon  particullAreaent 
pour  le  contrhle  des  dpalsseurs  et  Besses  volualquet  felbles  (coaposites) . 

-  La  forme  et  1' orientation  relative  anode  cathode  pout  avoir  une  Influence  sensible  sur  la 
rdpartltion  des  fluencee  (densitt  do  flux)  des  photons  dans  la  falsceau  utile  d'un 
gAnArateur  do  rayons  X.  L'Acart  peut  attelndre  75  X  eatre  la  sone  des  valeurs  Baxiaales  et 
cellos  des  valeurs  alnlmales  sur  des  appareils  commercial is As. 

-  a  signaler  enfln  1'intArAt  des  gAnArsteurs  4  aicrofoyer  pour  I'amAll ocgtloa  de  la 
sansibilitA  de  detection  des  petite  dAfauts  (alcroporosltAs) .  Les  tensions  d'accAlAratlon 
et  dAbits  encore  felbles  lialtent  l'eaplol  aux  piAces  d'Apaisseur  ou  de  Basse  voluaique 
falble,  aals  des  progrAs  sont  en  cours  afin  d'Atandre  le  cheap  d* application  notaaent  dans 
le  doaaine  des  Ex  teaps  rAal. 

Mous  venons  de  souligner  qu'en  contr&le  par  Ex  la  plupart  des  caractdristlques  no  peuvent 
fttre  dlrecteaent  aesurdes.  Us  conditions  de  fonctionneaent  des  processus  sont  gdndraleaent 
AvaluAes  de  aanldre  globale,  4  l'aide  d'lQI  (indlcateur  de  qualltA  d' Images).  Ayant  constatd 
coaae  beaucoup  d'autres,  la  aAlectivitA  insuffisante  de  ces  IQI,  la  SVECHA,  par  exeaple,  a 
rAalisA  et  4valu6  un  indlcateur  de  sansibilitA  de  detection  beaucoup  plus  sdlectif  (figure 
20). 

En  rAsuaA,  des  progrAs  sont  en  cours  (stabllitA  HT),  d'autres  sont  nAcessaires  (spectres 
d' Amissions,  repartition  de  la  fluence).  U  presalon  des  besolns  sera  sans  doute  un  AlAaent 
aoteur,  ne  serait-ce  quo  dans  le  doaaine  des  applications  en  toaodensltoaAtrle. 

2.2.  Perturbation 

U  propagation  d'une  Anergie  dans  un  allieu  donnA  est  "perturbAe"  par  la  prAsence 
d'hAtArogAnAitAs  Aventuelleaent  prAsentes  au  sein  de  ce  ail leu  (absorption,  diffusion, 
rdflexion,  diffraction...). 

La  prAsence  d'une  pi Ace  4  contrAler  dans  ce  ail leu  reaplit  Avideaaent  ces  conditions. 

A  la  perturbation  par  la  piAce  se  gupecpcsent  : 

-  une  perturbation  par  un  dAfaut  4  dAtecter  situA  en  surface  ou  au  selo  de  la  plAce, 

-  l'envlronneaent  de  la  plAce  4  contrAler  et  celui  du  d4faut  4  d4tecter  en  aurface  ou  au  sein 
de  l'objet  qui  constituent  une  autre  cause  de  perturbation  de  1 'Anergie  recue  per  le 
capteur  (Pig.  6). 

Dane  le  but  de  ne  prendre  en  coapte  que  lea  informations  slgnif icativea  de  la  prAsence  de 
dAfauts  4  dAtecter  et  de  les  optialter,  il  est  nAcessalre  de  procAder  4  une  4tude  prAslsble 
et  4  une  d4finition  rigoureuse  des  conditions  de  contrble,  psrtlcullAreaent  lorsque  les 

performances  4  attelndre  sont  4lev4et  (quantifier  des  petita  dAfauts  de  asniAre 

reproductible) . 

A  l'origine,  les  dAflnltlons  des  processus  de  CND  pour  applications  Industrlelles  Ataient 
recbercbAes  par  une  approche  presqu'exclusivement  expAriaentale  longue  et  codteuse  condu leant 
4  une  solution  ptrfois  AlolgnAe  de  1 'optimum  dsns  les  cas  diff idles. 

Depuls  1960  environ,  les  nouvelles  exigences  des  clients,  la  preaslon  de  le  concurrence, 
l'accroisseaent  de  sAcuritA  nAcessalre  dans  certains  secteurs  industriels  (nuclAsire, 
autoaobile,  aAronautique)  ont  iaposA  que  lea  aAthodes  expAriaentales  solent  coaplAtAes  par 
des  approches  analytiques  ;  des  spAcialistes  sont  spparus,  des  laboratoiree  spAdalisAs  dans 
l'Atude  de  CND  (enohlis  en  END)  ont  AtA  crAAs  et  les  END  sont  devenus  une  technologie  4  pert 
end  Are. 

Le  aAthode  snslytique  nAcesslte  encore  de  noabreux  ess sis  souvent  A  l'side  de  plusieurs 

appareils  et  direrses  ’'sondes"  (Aaetteur  espteur)  et  dans  tous  les  css  de  noabreui 

Achantillons  d'essais.  Au  coura  de  cea  derniAres  annAes,  la  recherche  de  solutions  par 
aodAllsation  des  processus  END  s  fsit  son  apparition  d'abord  dans  les  lsborstolres 
universitaires  puls  dans  ceux  de  l'lndustrie.  Le  dAroule*  nt  des  processus  possibles 
d' Inspection  sont  reprAsentAs  par  leura  aodAles  physiques  foraulAs  par  des  Aquations 
introdultes  dans  des  programmes  inforastiques  qui  les  trsitent. 

Sans  svoir  A  rAsllser  de  sondes  prototypes  onAreuses,  d’ Aprouvettes  reprAsentatives  avec 
dAfauts  artificials,  d'esssis  rAels,  ces  aodAles  peraettent  : 

-  de  prAdire  si  une  solution  iaaginAe  pour  rAsoudre  un  problAae  de  CND  sera  salable, 

-  de  comparer  les  rAsultats  de  solutions  diffArentes, 

-  de  rAsoudre  des  css  de  aatArlaux  dlfflciles,  de  gAoaAtrles  coaplexes  impossible  4  trsiter 
par  a4thode  analytique. 
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La  solution  rotonuo  doit  bion  Avidemment  fttro  valldAe  expArimentalement,  am it  comparativement 
aux  epprocbes  prAcAdeates,  los  reductions  do  coAts  ot  dAlals  peuvent  Atro  trA«  lmportantes 
pour  Aboutlr  A  uno  solution  du  problAme  plus  performante  dAns  1a  plupArt  dos  cat. 

La  dAveloppemont  dos  outils  mathAmatiques  ot  moyens  laformatiques  adapts*,  1 'extension  on 
court  du  champ  dos  spplicstioos  (CoursAts  do  Foucault-Ultrasons-NsgnAtoscopie-Thermograhie 
lafrarouge)  smAaeat  A  conslddror  quo  Is  modAlisatioa  mathAmatlque  dos  tochniquos  CUD  ost 
malateaaat  ua  outil  rAol  ot  voluble  qui  sort  do  plus  on  plus  largement  utilisA  dsns  lo  Tutor 
(examples  d‘ applications,  (Fig.  7  ot  8). 


2.3.  tAvAlstioa 

2.3.1.  Analyse  par  captours 


f 

> 


i 
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Objectif 

L'objoctif  ost  do  dAtoctor  dos  dAfauts  ot  do  los  caractAriser  on  nombre  ot  respect ivement  on 
nature,  form,  dimension,  position,  orioatatloa  ot  rolatloa  d' interface  dans  lo  volume 
contrAlA. 

Solon  la  tocbniquo  ot  l'Atat  do  l'art,  lo  capteur  rAagit  do  maniAre  plus  ou  noins  fidAlo  par 
dos  "signaux"  portours  d* inf onset ions  spAcifiquos  do  dAfauts  situAs  : 

-  on  surface  (visual,  rossuago,  magnAtoscople,  Dltrasoas,  Courants  do  Foucault,  Kayons  X  ...), 

-  au  voisinago  immAdist  do  la  surface  (KagnAtoscopie,  Courants  do  Foucault), 

-  dans  lo  volume  : 

.  sans  information  do  profondour  (Kayons  X,  Thermographic  IK  classiquo), 

.  avoc  information  do  profondour  (Ultrasons,  Tbormograpbio  IK  on  court  devolution). 

Solon  sa  nature,  lo  capteur  AlAmentalre  pout  rAagir  do  manlAre  quasi  InstantanAo  A  dos 
informations  d'origine  : 

-  ponctuelle  (CdF), 

-  linAairo  dans  la  direction  du  sondage  (US), 

-  surfaciquo  (photographie  do  surfaces,  eamAras  vldAo,  CCD), 

-  roluaiquo  (films  Rx,  Bi  temps  rAol,  eamAras  IK). 

Far  dAplacemont  rolatif  capteur/piAce  A  contrAlor,  done  par  balayago  linAairo  ot 
juxtaposition  dos  llgnos  do  balayago.  il  ost  possible  do  passer  d'uno  information  : 

-  ponctuelle  A  uno  information  linAairo  dans  Is  direction  du  balayago  puls  surfaciquo  (CdF). 

-  linAairo  dans  la  direction  du  sondage  A  uno  information  volumlque  (US).  (Voir  Fig.  9). 

Pour  dAtoctor  ot  caractAriser  automat iquemont  los  dAfauts,  11  ost  actuellement  indispensable 
qu'A  ebaquo  point  (pixel)  do  la  surface  ou  du  volume  do  l'objet  A  contrAlor,  so lent  affoctAes 
los  grandeurs  physiques  qui  lo  caractArisent.  II  s'agit  do  la  fonctlon  ANALYSE  rAalisAe  par 
lo  capteur. 

Ktant  donnA  quo  cos  grandeurs  physiques  n'ont  do  valour  significative  quo  par  compare! ton 
avoc  cellos  dos  points  voisins,  consldArAs  A  plus  ou  molns  longue  distance,  cetto  comparaison 
ou  synthAse  sera  lo  rAsultat  d'uno  action  complAmentalre  dlstincto  situAo  su  niveau  do  la 
fonction  traltement  do  signaux. 

En  rAsumA,  la  dAmerche  ost  done  : 

-  do  procAder  A  uno  ANALYSE  par  lo  capteur  do  la  surface  ou  du  volume  A  contrAlor  (grandeurs 
physiques  spAcifiquos  do  chaquo  pixel), 

-  do  rAallser  la  SYMTHBSB  dos  rAsultats  prAcAdents  par  comparaison  ot  Atablissement  dos 
relations  entro  grandeurs  physiques  dos  pixels  plus  ou  molns  proebos. 

Los  captours 


La  dAtectlon  vlsuollo  dos  indications  do  dAfauts  ot  1' intorprAtatlon  dos  rAsultats  par  dos 
opArateurs  diffArents  induit  uno  fluctuation  dans  1'efflcacitA  dos  contrAlos  qui,  si  olio 
Atait  admise  ou  subio  jusqu’i  prAsont,  deviant  inoccoptablo  pour  los  applications  futures. 
L'Avolutlon  s' orients  done  vers  la  gAnAralisatioa  do  1’ utilisation  do  captours  au  sons 
physique  du  terms,  e'est-i-dire  d' apparel Is  transformant  uno  Anergie  do  nature  quolconquo  on 
gXERGIE-KLBCTKKHlg .  Cette  Anorglo  doit,  dans  certains  cas,  Atro  adaptAo  au  domains  do 
sonsibilltA  du  capteur  utilisA  par  1' action  prAalabla  d'un  troductour  qui  transforms  la 
grandeur  physique  do  sortie  adaptAo  au  domains  do  seasibllleation  du  capteur. 

Pour  couvrir  1 'ensemble  dos  bosoins  on  CVD,  la  nature  physique  dos  excitations  mines  on  jou 
sont  dlverses  (tbarmlquo,  vlbratolro,  caplllarltA,  magoAtiquo,  Aloe tromagnAtl quo. ..) .  Lo 
tableau  I  rAvAle  capoadant  qu’ actual lament,  c'ost  I'iatAractloa  rayonnamont 
AlactromagnAtlquo/captaur  qui  ast  la  plus  utilisAe  at  qi.i  toad  A  so  gAaAralisor  ou  A  so 
dAvelopper . 
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Cttte  evolution  eonvergeant  v«n  1' utilisation  da  capteurs  senslbles  4  1ft  detection  d'un  soul 
type  d'*Oftrgle  present*  dee  aventages  ddclsifs  : 

-  depuls  Huygens  (1629-1695),  1*  connelssance  dft  1ft  physique  du  reyonnement  electromagnet  lqtt* 
i«t  l'ua*  d*s  plus  cvftBcdftft  ftt  progress*  constammsnt. 

-  In  ifitkfi  dft  "manipulation"  dft  eftft  rayonnemsnts  »o«t  en  constant  d6vftloppemsnt  ftt  lftft 
techniques  d«  fftbrlcfttloft  correspondences  bits  meltrlsdes  (optlqu*  gdomdtrlquo  dft 
precision,  intftrferom4trfts,  lfttftr,  tjritiafti  optodleetronlqufts  intdgrds,  flbrftft  optlquas...) 

-  Iftt  captfturt  optodlftctroalqufts  iultliltesati  (bftrrftttftft,  matrices)  constituent  une 
Interface  partlculierement  blen  adaptde  aux  systdstes  d' acquisition  «t  dft  treltements 
d' analyse  ftt  dft  synthdse. 

U  figure  1  montre  qua,  quftllft  qu«  ftolt  Is  technique  dft  contrdle  «ppltquft«,  1«  prlncip*  du 
procfttftut  ftt  1' object if  sont  identlques. 

Cftttft  unit*  eonstitu*  un*  situation  favorable  ftt  11  «ftr«lt  dfts  4  present  opportun  dft  cboitlr 
uo«  voift,  ddflnlr  lfts  moyens  adaptds  4  cftllft-cl,  y  cmliiftr  let  «f forts  do  crdetlvite,  y 
coocftAtror  l«s  applications,  l«s  Inves t I seamen ts  dft  ftMUrs  4  «cc414ror  lo  progrds,  rddulr* 
las  eottts  ftt  ftftfla  ffttorlftftr  ftftns  dlfflcultds  1ft  stftndftrdlsfttloft  ftt  1ft  normalisation. 

2.3.2.  Synthes* 

2. 3. 2.1.  Us  traltamants  dft  slgnsux 

Comm*  indlqud  precddamment  ftt  consldird*  d«  munl4re  simplifies,  l'*n«ly»ft  tboutlt  4 
l'onrfttUtroMnt  d'unft  repartition  dons  un  plftft  (2D)  ou  dans  un  volume  (30)  dfts  veleurs  do 
grandeurs  physiques  mesurdes  point  pftr  point. 

La  cynthdta  «at  1«  rdsultat  d'une  comparison  das  grandeurs  ponctuallfts  avac  cellos  do» 
points  voialns  coBsiddrds  4  plus  ou  molns  longue  distance.  Kilo  suppose  qu«  las  valours 
memorise**  pour  cheque  point  sont  representatives  das  points  objftts  correspondents  (Signal  2D 
ou  3D  hoaothdtlque  do  l'objet). 

Bn  fait,  il  n'on  eat  rlen,  et  mime  dans  l'hypothdse  oh  toutos  lea  phasoa  antdrlauros  ont  dtd 
realise**  correctement,  las  slgnaux  "signif icatifs"  ftnraglstrds  sont  altdrds  par  d*  nombreui 
phenomena*  physiques  rdels  eels  conslddrds  comm  parasites  «t  ayant  pour  origin*  : 

-  le  capteur  (y  coaprls  barrettes  «t  matrices)  :  senslblllte,  rdponsft  apftctrale,  linear l te  du 
gain  (si  ampllf Icateur) ,  stability,  c*ract6r lstlques  temporelles,  bruit  dlectronlque 
(figure  19). 

-  la  pidcft  4  contrdler,  la  ddfaut  4  detector  et  lour  ftnvironnemant  : 

variation  d'epalsseur,  proximltd  ddfeut  surfaces  limit**,  effeta  d' absorption,  diffusion, 
refraction,  diffraction,  reflexion - 

D'autrs  part,  4  quelquea  exceptions  pr4s  une  representation  en  "nivftaux  de  grl«"  de  la 
repartition  2D  3D  das  grandeurs  physiques  mesurdes  no  permet  pas  un«  extraction  directe  dea 
"objftts"  (ddfauts)  4  analyser.  Une  amelioration  et  un*  sinplif (cation  prdalftblft  dolt  4tr« 
realis6e  afln  d'aboutlr  4  une  representation  blnair*  das  rdsultats.  II  est  oussi  necftssalre 
da  reallser  une  reduction  des  effeta  parasites,  un*  optimisation  dea  contrastes  at  de  la 
resolution. 

Sans  entrer  dans  le  detail  dea  aethodes  dft  trai tamest,  rappftlons  cependant  les  deux 
princlpaux  types  da  traltoment  : 

-  1«  flltraga  temporel, 

-  la  flltraga  spatial. 

Dans  la  flltraga  temporal,  la  sosautioo  da  I  acquisition  d'une  mftma  son*  (capteur  fixe) 
antral o»  un  ecart  d' amplification  das  indications  signif icatlvas  (stablas)  par  rapport  aux 
indications  aieatoiras  (bruit)  d'autant  plus  important  qua  I  ast  dlavd. 

La  nivaau  da  contrasta  souhalte  determine  le  I  n6cessaire  done  la  dure*  da  l* integration. 
Cast  la  saula  method*  qui  amdllor*  1*  contrasta  sans  altdrar  la  definition. 

La  consequence  industrially  a  priori  pdnelisantft  d «s  tamps  d' integration  tend  4  aa  rddulre  en 
utillsant  das  multicapteurs  (barrettes,  matrices)  4  cheque  fois  qua  la  technique  da  contrftle 
la  permet.  Paralieiamant,  las  fabrt cants  da  captaurs  church*'*  t  4  optimlsar  la  vitftssa 
d'acqulsltion  afln  d'accroltra  la  nombre  d* integrations  an  dure*  constanta. 

En  rdalitd,  1* amelioration  du  rapport  signal  sur  bruit  na  sufflt  pas  4  randra  significative 
la  grandeur  physique  mesurde  an  cheque  point. 

La  tone  d' action  afficaea  du  capteur  n'dtant  pas  rigoureusemant  ponctualla,  alia  prend  aussi 
an  comptft  l'influsnc*  das  points  voislns.  La  flltraga  spatial  d'une  "image"  integrda  at 
mdmorisde  permet  1' amelioration  da  sa  definition,  d'aboutlr  4  una  classification  das  objats 
at  gdndrclemsat  4  une  compart! joa  4  des  references  pour  decisions. 
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Le*  princip«ui  types  ds  f litres  spstisux  sont  : 

-  lss  f litres  llnielres  ou  nos  (ilialnstion  bruit  dn  fond), 

-  los  flltrss  aorphologlques  (slapllf icstlon  ds  Is  for**  dss  objets). 

L'opdrstion  flnsls  ds  seulllegs  trensforas  uns  1ms#  on  nivesux  ds  gris  <sur  n  bits)  sa  imsge 

blnsirs  (sur  1  bit). 

L'eecroisseasnt  dss  bssolns  pousss  lss  ebereheurt  4  iaeglner  ds  nouvelles  aithodes  ds 

reconne l stones  ds  fonts  plus  pulsssntss  as  is  sussl  trie  consoaastrlcss  ds  teaps  ds  cslcul  cs 

qul  sst  contrelre  4  l'objectlf  tsaps  rdsl. 

Afln  ds  risoudre  cs  dllsaas,  Involution  sn  court  tsnd  4  : 

-  crier  dss  systisas  spiel si i sis  ss  aerge  dss  csleulstsurs  st  ds  1' Inforastlque  clesslque, 

-  sccilirsr  lss  logic  Isis  d'eppl lest  Ion  sn  lss  sffsctsnt  4  dss  unltis  ds  cslcul  rsplds 
utlllssnt  dss  eoapossnts  ilectronlques  spiel suz  alcroprogrsaais, 

-  crier  dss  prlaltlves  aleroprogrsaaiss  pulsssntss  ds  recount lsstnce  ds  foras  st  cs,  plus 
psrtlculiirsasnt  pour  Is  aorphologis  asthdastique. 

(Le  synoptique  d'un  systiae  svsnei  sst  donni  psr  Is  figure  10). 

-  eonesvoir  dss  interfscss  ilectronlques  spiel flques  pour  lss  esptsurs  csr  lss  progris 
possibles  sn  trsltsasnt  d,Biasgssa  sont  dipsndsnt  ds  l'edeptetlon  respective  dss 
technologies  dss  esptsurs  st  csleulstsurs.  L* i ntsrdipsndsncs  sst  diji  essentlelle  pour  dss 
sppl lest ions  aidlcslss  tsllss  Is  Toaogrsphls  X,  Is  Sesnnsr  infrsrougs,  lss  sondes  loniquss 
st  lss  enelyseurs  4  ultrssons. 

Dss  exeaples  plus  concrsts  d‘ 1 ntsrdipsndsncs  (st  d' lntigrstlon)  esptsur  trsltsasnt  sont 
donnis  ci -sprit. 

2.3.2.?.  Csptturs  Intel li gents 


Ds  1 ' Intsrdipsndsncs  forts  sntrs  esptsurs  st  systiaes  ds  trsltsasnt,  Is  ssetsur  aidlcsl  est 
slid  plus  svsnt  dsns  Is  alnlsturlsstloo  st  1'  lntigrstlon  in  plsqent  sur  Is  a&ae  plies  Is 
esptsur  st  uns  ilectronique  intigris  coaportsnt  sn  psrtlcullsr  Is  alcroprocssssur  st  dss 

aiaoirss. 

Css  esptsurs  Intslligsnts  prissntsnt  lss  svsntsgss  suivsnts  : 

-  sailiorstlon  du  rspport  signsl  sur  bruit  psr  sdsptstion  d'iapidsncs  st  sapli fleet  Ion, 

-  pritrsitsasnt  du  signsl  :  coapsnsstion  sn  tss^irsture  st  sn  verletlon  d'sllaentstion, 
rsalss  4  ziro  sutoastlqus,  filtrsgs  dss  slgnsus  psrssltss  st  correction  ds  non  linisrlti, 

-  trsltsasnt  du  signsl,  codsgs  st  aodulstlon  dss  slgnsus  ds  sortie,  aoysnnsge  pour  extrslre 
Is  signsl  ds  bruit,  rsdondsnes  st  slsrass  Intigriss  slgnslsnt  lss  difsuts  ds  esptsurs, 

-  logiqus  ds  diclslon  :  tsndsncs  d'un  signsl  st  corrilstlon  sntrs  plusleurs  tlgneux,  cslculs 
aultlpsrsaitrss,  rsconnslsssncs  d'un  signsl  st  rijsetion. 

-  riduction  ds  consoaastlon. 

Lss  sppl lest Ions  aidlcslss  sont  aultiplss  notsaasnt  cel lss  qul  nicsssitsnt  un  "aonltoreg* 
sabulstoirs". 

D’une  asnlirs  ginirsls,  1’ Industrie  st  plus  psrtlculiirsasnt  1' Industrie  sironsutlqus  s  sussl 
cs  type  ds  bssolns  4  sstisfsirs  sn  controls  in  situ  d'sironsfs  sn  cours  d'utillsstlon.  Plus 
dlrsctsasnt,  lss  svsntsgss  citis  pricidsaasnt,  sssociis  sui  esptsurs  intslligsnts,  spportsnt 
tous  uns  riponss  sux  questions  qul  pour  l'ssssntisl  rsstsnt  posies  dsns  notrs  ssetsur 
d'spplicstion.  Un  slaple  effort  de  trsnsfert  ds  technologle  sst  4  ftlre. 

2 . 3 . 2 . 3 .  Sondes  i ncohirsn tss 


Autre  risultst  ds  Is  lislson  forts  sntrs  esptsurs  st  systiass  ds  trsiteasnt,  l'snslyss 
spsctrsls  d’un  icho  ultrssonors  ss  fslt  sur  Is  bruit  ichogrsphlqus  du  ail leu  aultldlffussur 
(speckle  ecoustique). 

Cs  bruit  : 

-  risults  ds  l'lnterfece  sntrs  tous  lss  ichos  iliasntsirss  sltuis  dsns  Is  cellule  ds 
risolutlons  (sources  induites  dsns  l'objet  psr  Is  cheap  incident). 

-  sapichs  ds  dlstingusr  dss  structures  spiculslrss  ds  fslble  contrssts  dsns  dss  alllsux 
diffussurs  (fissures  dsns  lss  sclsrs  4  gros  grslns). 

L'snslyss  spsctrsls  ds  cs  bruit  dsns  uns  ports  teaporelle  donne  dss  sllurss  ds  spectre  tris 

chshutiss . 

Afln  d'obtsnir  dss  spsetrss  plus  lissis  ds  css  alllsux,  on  sffsetus  jusqu'A  prissnt  un 
aoysnnsgs  spstisl  sur  ds  noabrsux  "tirs"  ultrssonorss  dicorsllis  {■  positions  dicorslliss) 
d'oi  ports  ds  risolutlon  spstlsle. 
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Plus  riesaasnt,  sfln  d'sugasntsr  Is  noabre  4' Informs t Ions  dicorslliss  pour  uns  position 
donnis  ds  Is  sonde,  dss  ssssls  ont  iti  riel l sis  4  l’sids  ds  sondes  : 


)  :  uq  dlpliciMBt  de  sondes  tur  environ  20  poiltioai  dtant  encore 


-  annulalres  (6 
ifeimlrt. 

-  multi -bldments  (36)  :  technique  tf*«  lourde  du  fait  da  la  connect ique  i  ddvelopper. 

One  solution  trds  prometteuse  an  coura  d'dtude  cons  lata  A  Intarcalar  dana  la  falacaau  d'un 
aaul  traductaur  un  dcran  da  phase  aldatolre  mis  an  rotation  rapid#. 

Au  coura  du  d4 placement  du  ddcohdreur,  una  adria  da  tira  ultraaonoraa  aat  ef fee tube.  Pour 
ehaque  position  du  ddcohdrour  laa  ralatlona  da  phaaaa  antra  dchoa  dan  diffdranta  dlffuaaura 
aont  modlfibes. 

-  La  signal  behographlque  rdaultant  prdaanta  daa  minima  at  daa  max laa,  fonctiona  da  la 
poaltion  du  ddcohdraur  dana  la  aignal. 

-  On  dtudla  la  moyenne  daa  anvaloppaa  bchographiques  at  daa  danaltda  apactralas  da  puiaaanca 
(flgura  21). 

1/ application  da  catta  darn 1 dr#  ndthoda  au  contrOla  ultraaonora  daa  milieux  dlffuaaura 
permettra  l'accda  i  daa  informations  latdrassantaa  an  sdpnrnnt  las  dchoa  apdculairas  du  bruit 
da  speckle  dchographlqua. 


L‘ KVOLOTIOM  IT  ADAPTATIOB  DBS  CRITBtKS 


Btat  actual 


Acutellement,  laa  critdras  limits*  d'accaptation  an  CVD  aont  ddfinla  da  manlbre  apdclflqu# 
dans  chaqua  type  d' Industrie  (adronautiqua,  automobile,  nucldalra  ...)  an  fonction  : 

-  Du  type  da  pidce  -  produits.  deal  pcodulta,  pidcaa. 

-  Daa  matbrlaux  mdtalliques,  cbramiques,  composites  organlquas. 

-  Du  mode  d'dlaborstlon,  pidcaa  forgdaa,  couldas,  Hdtallurgla  das  Poudraa. 

-  Du  atada  d' application  -  control*  apdcifiqua  daa  phases  critiques  da 

fabrication,  ualnaga  par  rectification,  soudage, 
trait  ament  therm ique  ou  da  surface  ...  at  pidcaa 
finlas. 

-  ContrOla  aprds  utilisation 

-  Maintenance 

-  Separation 

-  Daa  mbthodes  da  contrOla  appllqudas  :  -  vlsualles.  Kaaauaga,  Kagndtoacopla,  Ultraaona, 

Radiographie  I. 

-  Du  typa  da  ddfaut  charchd  :  -  aspect.  criques.  poroaltds.  Indus  Iona, 

sdgrdgations. 

-  Daa  mbthodes  da  eoaparalson  -  aysttmes  avec  aaulls  automat Iquea  (ultraaona. 

ddfaut/aauil  limits  d’accaptation  Courants  da  Poucault).  lntarprdtatlon  visuelle 

(humaina)  d’un  rdsultat  global. 

Dana  ca  contexts,  laa  critdrac  ddfinlssant  laa  ddfauta  aont  trda  divers  at  dana  certains  cas 
la  complexitd  d' application  antralna  daa  incertitudes  aur  l'efflcacltd  da  laur  application. 

La  tableau  synoptlque  n*  II  prdaanta.  4  titra  indicatif,  1' ensemble  das  stndaa  ^application 
das  CND  relatlfa  d  la  fabrication  at  A  1‘axploitation  d'un  motaur  d' aviation. 

Da  manidre  aynthdtlqua.  la  ddfinitioo  actuelle  at  1' application  daa  critdras  pauvant  dtre 
considdrdas  comma  prdsentdes  cl -aprds  : 

-  Ddfauta  India iduela  quant i fids  salon  : 

.  One  grandeur  qul  me sure  dlractamant  las  carnctdrlatiquaa  du  ddfaut  :  longueur  nurfaca 
orientation  position  espactment  antra  deux  ddfauta  (example  criques.  cavitds. 
inclusions  prdsentes  an  surface  da  pidee  at  dvaludaa  an  axamai  visual  avac  aide  optique 
la  cna  dcbdant). 

.  One  grandeur  indirectament  lids  nux  cnrnctdriatiquaa  du  ddfaut  amplitude- tamps 
(ultraaona.  Couraata  da  Poucault). 

-  Ddfauta  non  ounntlflnblaa  1 nd i vidua 11 amant 

.  II  a'agit  da  ddfauta  dont  la  reprdsentation  aat  complaxa  at  pour  losquols  la 
caractdrlaation  indlviduolla  aat  vlauallamnnt  impossible  on  non  rdnllsnblo 
industrlallomant. 


ft***  ajgHHSP?* 
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L'dvaluatloa  lit  faite  solt  : 

-  Dirac tenant  par  rapport  4  daa  claasas  d ' detent I  lloa*  types, 

-  Indireetaaent  par  rapport  4  daa  documents  da  rdf trance  (rdpllquea,  photographies, 
clicbds  radiographlques  type  ASTH) . 

^  3.2.  Evolution  at  adaotatloa 

L'dvolutlon  daa  CUD  vara  la  tout  autoaatiqua  a  eogendrd  uaa  dvolution  sensible  daa  aoyens  au 
coura  daa  derniires  anndea  au  alvaau  da  1' acquisition  at  du  traitaaaot  daa  signaux  : 

-  Utilisation  plua  frdqueate  daa  captaura  aaaalblaa  aus  rayonneseots  loaiaaata  (voir  tablaau 
I), 

-  Syattaes  da  traiteaents  puiaaaata  at  rapldaa  (prochaa  du  taapa  rdel), 

-  Algorithm*  a  da  tralteaent  4volu4a  4  la  vailla  da  traltar  la  Mjeure  partia  daa  caa 
induatriaZa  couraata  au  aoiaa  an  ee  qui  coacaroa  laptituda  4  iaolar  at  4  caractiriaer  la 
foraa  daa  "objata"  algnif icatifa  (ddfauts)  tout  an  dllalnant  ou  an  rddulsant  actual lament  4 
un  nivaau  proche  da  l'accaptabla  la  priaa  an  coapta  daa  artafacta  (fauaaaa  alaraaa). 

^  La  noabra  d' applications  iaduatrlallaa  aat  ancora  Haiti  at  11  a  4t4  taoti  dana  la  plupart 

daa  caa  d'appliquer  avac  plua  ou  aoina  da  auccia  laa  crltiraa  Malta*  d* acceptation 
initialaaant  ddfinls  pour  daa  condltlona  da  diagnostic  at  da  aanctioa  claaaiqua. 

.  Af In  d'optinlaer  laa  nouvallaa  posslbllitdt ,  una  reals#  an  causa  da  la  ddfinltion  das 

f  crltiraa  aat  ndceasalre  at  paralt  possible  par  una  approcba  plua  synthdtique  daa  probldaes 

posds. 

^  La  tablaau  2  prdsente  auaal  : 

l  -  laa  diffdrents  types  da  ddfauts  recherchda  aux  diffdrents  stades  du  eoatrftle, 

-  laa  grandes  classes  da  foraa  type  das  ddfauts  eherchda. 

Ce  tablaau  da  aynthdte  rdvdle  qua  l'anaaabla  daa  prlncipaux  ddfauts  class iquas  connua 
recherchda  aux  dlffdrenta  atadaa  da  la  fabrication  daa  pldces  at  da  la  aalntananca  ou  da  la 
rdparation  da  aachlnes  rantrant  dans  4  classes  da  foraa  da  ddfauts  dont  : 

-  ponctuala 

-  1 InAalres  (filiforaaa) 

-  aurfac iquas  (2D) 

-  voluaiquas  (3D) 

;  Salon  la  aaniira  dont  caa  ddfauts  sont  reprdsentds  aur  la  plaa  d*  analyse ,  la  synthAse  paut 

conalstar  an  1‘extractlon  at  la  quantification  da  llgnes  ou  da  surfaces  da  gdoadtrles  plus  ou 
aoina  coaplexes. 

Considdrds  individuallaaant,  laa  objata  peuvent  itra  difinis  par  tout  ou  partia  da  l'anaaabla 
das  caractir 1st iquas  gioaAtriques  possibles  (Pig.  11) 

doat  pour  1' assent ial  : 

-  la  plus  grande  dimension, 

-  factaur  da  foraa  (idantification  ddfaut  plaaa), 

-  barycentre, 

-  surface, 

-  pdriadtre, 

-  orientation, 

-  position, 

-  ate. 

Prls  dans  laur  aasaabla  at  las  una  par  rapport  aux  autras,  las  dtfauts  pauvant  ttre 
cons i dirts  an  : 

-  noabra  total, 

-  noabra  par  unit*  da  surface  (dansiti), 

-  distance  antra  barycantras  da  2  prochas  voisins  an  fonction  da  la  plus  grande  dimension  da 
l'un  d'aux, 

-  relations  do  contlnuiti  ontro  particuloa  Isoldes  (allgneaent  da  souffluras  ou  porositis). 

-  la  ripartition  par  class#  da  1'una  das  esrsettristiques  indlviduallas, 

-  ate. 

Sur  catta  base,  das  images  da  ellehds  radiograph iquas  da  rdfdrence  (ASTH)  ont  iti  quantifides 
at  das  clicbds  radlogrtpbiquas  da  piieas  rial laa  autoaatiqueaent  coapardes  avac  succds  4  caa 
rdfdraacas. 

■;  II  aat  soubst table  qua  las  spdclallstes  an  Is  aetldre  sa  concartant  sfln  da  : 

-  sdlectionner  las  grandeurs  esrsetdrist iquas  4  ratanlr  pour  sstisfalre  l'easentiel  das 
basoins  an  eritdres, 

-  codifier  catta  sdlectlon  at  l'introduira  dans  das  standards  da  nivaau  international, 

-  favor iaar  la  ddveloppeaent,  1 'optimisation  at  la  commercial last ion  das  espteurs  at  da 
l'dlectronique  rapid#  d' acquisition  at  da  traiteaeat 


Jk. 


5-10 


-  favor iser  la  normalisation  de  ces  ilimeata, 

-  favoriser  une  antoaatiiatloi  afficaca  du  diagnostic  at  da  la  sanction  proche  du  temps  riel 
i  molndre  cofit. 


a.  les  Dgpucgggrrs  eeutips  gagTTgogs  capteues  pucks 


Ca  qui  vient  d'fitra  prisenti  permet  d'imaglner  sans  dlfflculti  ca  qua  dolt  fitra  la  partle 
'support*  d’uoa  installation  da  controls. 

La  ditaction  at  la  carte tir l sat loo  diaenslonnelle  da  difauts  fins,  laur  situation  priclsa  an 
surface  ou  dans  la  voluam  d*una  plica  qui  pout  itre  da  giomitrle  complex*,  Impose  das 
exigences  au  niveau  das  conditions  das  diplacements  das  imetteurs  ricepteurs  at  da  la  plica  i 
contrfilar. 


Dans  la  plupart  das  cas,  lls  sont  siparis  mala  interdipeodants. 

La  niveau  das  performances  du  contrile  at  la  complexlti  da  la  giomitrle  das  plicas  impotent  : 

-  la  nombre  da  degris  da  llbarti  (jusqu'i  i  ou  7  voire  plus), 

•  la  priclsion  at  la  reproduction  iti  : 

.  das  positions  relatives  (da  l'ordre  da  0,01  mm  pour  las  translations  at  da  qualques 
sacondas  d'arc  pour  las  rotations), 

-  .  das  vitassas  da  diplacement. 

Dans  la  but  d'attalndra  ces  performances  micanlques,  1' automat l sat ion  deviant  Inivltable  at 
la  fiabillti  das  programmes  e«t  un  point  aussl  essential. 

Las  installations  sont  ou  vont  davanlr  da  virltablas  machines -out! Is  capablas  de  performances 
mitrologiquas  virltablas) 


5.  LA  P1ATIQUB  IgDUSTBIBLLg 


S . 1 .  Hicroscopie  acoustiqua 

Las  progris  ricents  riallsis  dans  1 'ilaboration  de  matirlaux  "Hautes  tempiratures”  par 
mitallurgle  das  poudras  ou  ciramlquas  frittias  at  las  gains  an  performances  qul  leur  sont 
associis  ont  naturellement  engendri  das  applications  sur  moteurs  d‘ aviation. 

La  nicasslti  de  fabrlquar  et  contrftler  Industriellement  les  plicas  corraspondantes  s'est 
alors  prisentie. 

Sur  cas  matirlaux,  la  taille  critique  des  difauts  set  de  10  (KDP)  ou  100  (ciramiques)  fois 
plus  faibla  qua  sur  piices  da  mime  type  (dlsquas,  tubas)  riallsias  jusqu'i  prisent  par 
mithoda  convantlonnalla  (forge,  fonderie).  Dans  la  but  de  ditactar  cas  difauts  de  tris 
petltas  dimensions,  da  10  i  100  pm,  les  premlires  itudes  lancies  11  y  a  environ  10  ans  sa 
sont  oriantias  vers  la  riellsation  da  systimas  ultrasonoras  i  tris  haute  friquence  (plusleurs 
GHz)  dans  la  perspective  da  performances  iqulvalentes  i  la  mlcroscople  optlqua  (x  1000)  mals 
permettent  das  "observations"  sous  las  surfaces  das  objeta. 

Cas  systimas  con^us  pour  das  applications  an  laboratolres  prisantent  das  inconvinlents  qui  en 
llmitent  las  applications  industrialles  : 

-  ichantlUon  da  faibla  dimension, 

-  exigences  critiques  d'ellgnement  sonde/surface  de  plica, 

-  tris  falble  pinitration  :  qualques  urn. 

-  risolution  llmltie, 

-  champ  d'examem  llmlti  i  qualques  mm*. 

Plus  ricammant,  das  systimas  fonctionnant  i  das  friquences  infirlauras  i  100  KHz  ont  iti 
conqus  et  riallsis  de  manlire  i  ridulre  las  inconvinlents  pricltis.  Certains  d* antra  eux 
rastent  cependant  des  apparel Is  da  laboratoire  (CGE  Harcoussis  -  Onivarslti  da  Valenciennes, 
Prance) . 

D'autres  sont  actuallemant  capablas  du  controls  da  plicas  de  production.  Deux  d'entre  eux 
peuveot  itra  slgnalis  sans  donner  la  ditail  du  principa  da  fonctlonnement  : 

-  Systima  diveloppj  oar  General  Electric  Company.  Schenectady 

-  Capable  du  contrila  das  dlsquas  da  turboriactaurs  (ou  da  piices  cyllndrlques) , 

-  Friquence  de  0,S  i  100  HRx  (habitue 11 ament  50  HKx), 

-  Kathode  par  impulsion  et  riflexion  (icho), 

-  diamitre  teehe  focele  0,137  mm  dans  l'eau  (0,147  dans  un  superalliage  base  Nickel), 

-  grandlssemant  jusqu'i  X  20  par  accrolssement  proportionnel  sur  C-Scan  du  pas  llgnes,  et 
da  1'  vltassa  da  balayage, 

-  Image  16  niveaux  de  grit  :  affichage  direct  de  l'amplitude  das  ichos, 

-  pinitration  dans  super  alliage  base  Klekel 

F  -  50  KHz  «  3,8  mm 
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-  Systems  basse  frequence  devaloppe  psr  1‘unlveralte  de  Stanford  (USA)et  V  Aerospatiale  grtnct 

-  Capable  places  (plaques  composites)  200  am  i  1000  mm, 

-  Frequence  de  3  k  20  MHz, 

-  Hit hods  par  train  d'ondes  monofrftquence  at  echo, 

-  Diamttre  tache  focale  dans  l'eau  0,1  mm  (10  KHz)  0,3  am  (S  MHz), 

-  Stgnaux  recueillla  :  r4sultat  de  phenomena*  d1 interferences  entre  onde  de  Rsjlelgh,  de 
compression,  de  surface. 

11  paralt  cependant  possible  de  : 

-  focaliser  en  surface  =-  relev6  de  la  topologie  de  surface, 

-  refocallser  4  une  profondeur  volslne  d'une  longueur  d'onde  de  Rayleigh  ~  controls 
etficace  de  quelque  0,1  am  sous  la  surface, 

~  faire  une  pseudofocalisatlon  en  ondes  transversales 

(particulUrement  lnt6resssnt  pour  contrble  des  composites  sur  plusleurs  millimetres  de 
profondeur) 

-  vitesse  de  balayage  200  am/seconde. 

5.2.  Chalne  de  assure  ultrasonore 

Les  applications  en  controls  ultrasonore  dans  1' Industrie  en  genital  et  plus  particull4rement 
dans  l'adronautique  se  sont  multiplies*  de  aaniftre  Impress lonnante  su  cours  des  30  dernlferes 
annies . 

Au  cours  de  cette  pdriode,  des  progris  iaportants  ont  ete  realises  au  niveau  des  4quipements. 
Cependant,  avec  les  nouvesui  concepts  de  tolerance  au  doaasge,  paralieiement  4  1‘ Introduction 
de  nouvelles  technologies  de  fabrication  sur  de  nouvesui  aatdrlsux,  les  performances 
necessalres  en  contrble  ultrasonore  sont  plus  elevens  et  les  exigences  plus  precises. 

Dans  1' Industrie  sdronsutlque  internstionsle ,  cette  situation  est  g6n6rale  de  aAae  que  le 
constat  d* inaptitude  des  apparells  4  ultrasons,  j  compris  les  plus  recent*,  pour  sstisfsire 
ce  nouveau  besoin. 

Afln  de  risoudre  cette  difficult^  technique,  des  societes  adronautiques  (1)  se  sont 
regroupies  pour  rddiger  des  specifications  techniques  d'une  nouvelle  generation  de  "CHAINS  DE 
HESURE  ULTRASONORE",  pr6sent6e  cl-apris  A  tltre  d' example.  Cette  mise  en  coanun  s  pour  but  de 
facillter  1' etude  et  Is  realisation  de  cette  chalne  grlce  i  Is  perspective  d‘un  msrche  plus 
etendu. 

Les  points  essentlels  de  cette  specification  sont  les  suivsnts  : 

5.2.1.  Objectif 

Application  sur  Installation  de  contrdle  ultrasonore  automatlque  par  immersion  4  haute 
performance  de  pieces  aetslllques,  ceramlque,  composites. 

Cette  chalne  dolt  constltuer  Is  tftte  d'une  nouvelle  generation  spte  i  sstisfsire  les  besoins 
pour  les  10  prochslnes  snnees. 

Specifications  techniques  : 

5.2.2.  Rmetteur 


-  Hodulslre,  multlvoles,  multiplexables  (possibllite  commsnde  des  impulsions  en  temps  decsie). 

-  Pilotage  numerlque. 

S.2.2.1  Impulsions 


Sinusoids  csrre  blpolsire  smortle  (Fig.  12). 


Nombre,  lsrgeur  et  amplitude  des  arches  programmables ,  tension  premiere  srche  abatable  de  SO 
e  500  V  crlte  4  Crete. 

Impedance  de  sortie  50  ft  t  5  Q,  quelle  que  soit  la  frequence. 


(1)  Document  AAST  001  6d.  1  du  4  juln  1987. 
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5. 2. 2. 2.  Fr*quanc«  de  recurrence 


100  Hx  4  10  kHx  par  vole  par  paa  progresstfs  4a  10  He  (autour  da  100  Rx)  4  1000  Hx  (vara  10 
kHx) , 

Frequence  spdclflque  d'une  tola  an  aode  aultiplexd. 

5.2.3.  Rdcepteur 


5.2. 3. 1.  Prdaaplif ieateur 

-  (tin  de  0  4  24  dB  par  paa  6  dB .  Coaatutatlon  aanuelle  ou  pllotde  prlaa  en  coapte 
autoaatiqueatnt 

-  par  1 ' aapllf icatcur  nuadrlque  (voir  $  5. 2. 3. 3.). 


-  Under  ltd  <  0,5  X  (6eart  par  rapport  4  la  valour  abaolua). 

-  priae  en  coapte  autoaatique  en  coapldaent  dea  24  dB,  d'une  prdaapl If Icatlon  prlaa l re  de  12 
dB  dventuelleaent,  aitude  prds  du  traducteur  axis  lntdgrde  au  cable  de  llalaon  (connexion 
sdparde  et  spdclflque  du  raccordeaent  4  un  clble  avac  ou  aana  prdaapl ificateur  priaalre). 

5.2. 3.2.  Frequences 

-  Sans  f litre  bande  passanta  4  -  6  dB  da  0,2  4  100  HHx, 

-  Filtra  ajustable 

-  filtre  passe  bande  syadtrique  et  fenitre  de  frequence  aoblle  pour  analyses  spactralas  et 
etudes  de  structures. 

5. 2. 3. 3.  Aapl ificateur 


-  Nuadrlque  (28  bits  alnl) 

-  Llndaire  et  logarithalque 

-  Gain  Mini  114  dB  en  dynaalque  totals 

-  Precision  ♦  0,5  dB  en  absolu. 

5. 2. 3. 4.  Corrections  amplitude  distance 


Base  de  teaps  ddcoupde  en  : 

-  300  segaents  de  300  ns  sur  la  dynaalque  totals, 

-  segaents  de  50  ns  sur  une  dynaalque  de  10  dB, 

-  dans  tous  les  cas  4  partlr  de  l'dcho  d' entree. 

5.2.4.  Honlteur 


5. 2. 4,1.  Forae  du  signal 


Type  RF  pour  traiteaent,  le  cas  dchd&nt. 

RF  redressd  4  1  ou  2  alternances  UMIQl/ENEWT  pour  visualisation  sur  dcran. 

5. 2. 4. 2.  Bchalla  de  teaps 

-  Codage  sur  21  bits 

-  Btendue  de  l'dchelle  possiblllte  llalte  : 

-  Controls  S00  aa  d'acler, 

-  Colonne  d'eau  1  adtre, 

-  incrdaent  aaxi  10  ns, 

-  Resolution  1  ns 

5.2.4. 3.  Portes  de  surveillance  (figure  13) 


3  portes  de  surveillance  : 

-  debuts  at  fins  de  portes  ajustables  par  CN  ou  synchronisdes  sur  echos  peraanents, 

-  synchronisation  possible  entre  deux  portes  avec  coincidence  ou  ddcalage  positlf  ou  ndgatlf 
entre  debut  de  l'une  et  fin  de  la  prdcddente. 

-  2  seulls  syadtrlques  de  detection  par  porte  (positlf  et  ndgatlf)  prograaaables  par 
incrdaent  de  1  bit  (resolution  de  1' atapl if icatlon)  avec  une  precision  de  niveau  du  seuil  de 


5. 2. 4. 4.  Visualisation 


Reran  nuadrlque, 

Representation 

-  A  scan  teaps  rdel 

-  B  -  C  scan  en  teaps  pseudo  diffdre, 

Afflchage  paraadtres  de  rdglage  de  la  chatne  et  rdsultats  de  contrdle. 
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S.2.S. 


5. 2. 7.1. 


DonoAas 


Trola  opt. i obi  possible*  d<  nuaArotation  at  stockist 

-  Sl|a«l  coaplat  (Ait)  tltuA  dim  li  port#  pour  ckaqua  rAcurranca, 

-  S  1(011  eoaplat  (A,t)  aituA  dim  la  port®  pour  chaqua  rAcurranca  ou  A  aaxi  >  aauil, 

-  da  la  valour  da  l'Acho  d‘aaplltuda  Has  (A)  at  profondaur  eorraapondanta  (t)  piral  la»  Achos 
dApasaaat  la  laull. 

Auto-cootrAlat 


-  Taoiloo  da  rAtAraoca  calibrAa  pour  autocoatrAla  da  la  totalitA  das  fonctions  da  la  chatoa. 

*  BMttiur  : 

-  taaaion. 

-  accord  d'lapAdanca, 

-  Msurt  da  bruit  par  rapport  A  la  tanslou  do  rAfAraoco, 

-  control®  da  chaqua  changaaant  da  paraaAtra, 

-  RAcaptaur  : 

-  lloAarltA  du  prAaapl if icataur  tnalogiqua, 

-  fiddiltA  da  la  courba  d'aapllf Icatloo  du  prAaapl If Icataur. 

-  dAtaralnatlon  da  la  prisa  to  coapta  d'una  courba  da  corractioo. 

-  sort las  da  points  tasts  groupAs  at  rapArAs. 

Traductaurs 


Oaux  configurations  posslblas  : 

-  flxA  dlractaaaot  su  porta  traduetaur  aachloa, 

-  flxA  aur  I'Ataga  da  prAaapl if Icataur  priaslra 

lui-aAaa  flxA  au  porta  traduetaur  aachlBO  (coaxlalltA  s  t  0,05  aa,  parallAllsae 
4  t  0,0S#). 

Dans  las  daux  cas,  posslbllltA  da  changaaant  autoaatiqua  traduetaur  at  AtanchAltA  A  l'eau 
gar ant la. 

Kxlgancas  standard  (Fig. 14) 

Afflchaga  frAquanca  contrftla  fc  A  -  6  dB  at  -  12  dB  (PrAcision  ♦  5  1)  at  baoda  pasaanta  LB. 
Bcart  antra  frAquanca  doainanta  (fa)  at  frAquanca  cantrala  |  1  .  |  (  j  g 


Kcart  antra  aaplltudt  raspactlva  das  coaposantas 
fa  at  fc  4  1  dB. 

CaractArlstiquas  acoustlquas 


Exploration  du  chaap  acoustiqua  A  l'slda  d'un  hydrophone  algullla  AtalonnA  (Prasslon  absolua 
afflebda  an  Pascals)  : 

-  au  pas  da  0,1  aa  pour  las  prasslons  acoustlquas  eoaprisas  antra  la  prasslon  Haxlaala  at  -3 
dB, 

-  au  pas  da  1  aa  an  dabors  das  valours  prAcAdantas  at  ca  jusqu'A  la  lialta  da  -  18  dB. 

KaprAsantatlon  graphlqua  das  voluaas  salon  daux  typos  da  coupas  longltudinalas  at 
transvarsalas 

Definition  das  parsaAtras  ralatlfa  aux  dAaallgnaaants  at  axcantratlon  aalon  figura  1$. 


5.2.8.  CaractArlstiquas  das  ciblas  da  raccordaaant  apparall  da  aasuraa/traductaurs 


5. 2. 8.1.  Blactrlquas 


-  IapAdancas  50  Q  t  2  fi, 

-  Tsux  d'ondat  atationaairas 

S  -  1-V  ill  <  1,2  1 

i  -  <ri 

avac  l  «  ZL  -  2C  Zl  *  iapAdanca  salflqua 

ZL  ♦  2C  ZC  *  IapAdanca  capaeitiva 


5.2.B.2.  Mcaniquaa 

La  clbla  dolt  pouvoir  supportar  5  10  *  pliagaa  da  rayon  25  aa  tana  altAration  dot 
caractArlatlquaa. 
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Inspection  auto—  tlque  par  Courants  da  Foucault  piAcas  de  turboggchUM  M  exploitation 

L* inspection  par  Courants  de  Foucault  aat  bitn  adaptAe  A  la  detection  da  erlques  da  fatigue 
ollgocyclique  prenant  Aventuelleaent  naissance  dans  das  tones  soualses  A  daa  contraintes 

AlevAes . 

L'aspact  critique  das  zones  est  souvent  associA  A  une  forta  solllcitatlon  da  parties  da 
piAcas  da  gAoaAtrle  localeaent  coaplexe  (alvAoles,  festons,  rajroaa  da  reccordeaeot,  trout). 

Jusqu'A  ud  passA  recant,  la  contrOla  par  Courants  de  Foucault  daa  piAcaa  da  turboaachines  an 
exploitation  Atait  effectuAe  aanuallaaaat  ou  A  1‘aida  d* Aquipaaanta  aAcanlaAs  :  sonde  flxAe  A 
un  support  dAplacA  radlalaaant  par  rapport  A  un  dlsgua  an  rotation  aotorlaAa.  Dapuia  environ 
10  ana,  un  effort  important  a  AtA  rAalisA  par  lea  aotorlstet  pour  dAvaloppar  daa  systAaes 
autoaatlques  da  contrOla  par  Courants  da  Foucault  da  plAces  tournantes. 

Plusiaurs  d’ antra  aux  ont  dAvaloppA  daa  installations  qui  pauvant  Atre  consldArAas  coaae  tAta 
da  gAnAration  das  Aqulpaaents  futurs  pour  ca  type  d’ application,  par  axaapla  :  ECU  da  6.E. 
(figure  16),  ROBINSPBC  1  da  F.l.  Industrial  Systea  (figure  17),  KHD . 

Globleaent,  cas  systAaes  fonctlonnant  aur  la  atas  prlncipa  avac  daa  caractArlatlquaa  voisinas. 

Houveaents 


-  Pilotage  autoaatlque  das  <56  placements  de  piAcas  at/ou  sondes  talon  7  (ou  8)  axes 
independents  (translation  ou  rotation). 

La  partis  aAcsnlque  aat  conpue  at  rAaliaAa  pour  attaindra  un  niveau  AlavA  da  prAcialon  (25 
A  50  y*  pour  lea  translations  ;  0,03  A  0,003*  pour  las  axes  da  rotation)  at  da 
rApAtabllitA  (0,02a  an  translation)  at  prAsente  la  capacltA  dlaenslonnelle  peraettant  la 
contrOle  da  1‘enseabla  das  dlaques  daa  aotaura  actuals  ou  futurs,  ailitairas  ou 
coaaercleux.  Ils  sont  consul  pour  una  aalntananca  tisAa. 

Pilotaxa  daa  aouvaaants.  rAxlaxa  daa  apparaila  at  rAaliaation  daa  contrOlee 

Las  sAquances  success ivas  d'Atalonnaga  at  da  contrOla  par  balayaga  das  dlffArentes  cones 
critiques  d'une  piAca  sont  coaaandAas  per  prograaaa  inforaatlqua.  Pour  crAar  cas  progresses, 
1‘opArateur  ast  guldA  pas  A  pas  par  un  Menu  interact  If  an  tenant  coasts  das  sondes  at  Atalons 
apAcifiquaa  Aventuelleaent  nAcessaires  au  contrOla  de  cheque  zona.  Las  prograaaes  rAalisAs 
sont  anauita  stocfcAs  an  aAaoire  puls  appllquAs  autant  da  fois  qua  nAcessalrea  pour  rAallser 
las  contrOlas. 

La  fonction  de  1'opArateur  se  Unite  au  changeaent  des  sondes  at  das  piAcas  at  la  rentrAe 
d ' informations  relatives  A  1* identification  de  celles-ci  at  daa  zones  A  contrOlar. 

Das  standards  de  rAfArence  penaettent  da  vAriflar  automat iqueaent  qua  la  systAae  ast  an  Atat 
da  fonctionneaent  at  qua  la  niveau  de  senslbilitA  ast  capable  da  dAtecter  lea  dAfauts  dans 
las  zones  A  contrOlar. 

En  contrOla  da  piAcas  las  aaplitudes  du  signal  Courants  de  Foucault  sont  acqulses  at  font 
l'objet  d 1 un  traitement  autoaatiqua  lialtA  actuellement  A  1 ' utilisation  d'un  saull  qui  peraat 
de  ddclencher  una  alaraa,  d’effectuer  un  enregistrement  da  1' indication  dAtectAe  ou 
d'effectuer  un  arrAt  ou  ratour  sur  dAfaut. 

Liaitaa  actuallaa  at  aaAlloratlona  nAcasstirss 


Dans  laur  Atat  actual  da  dAveloppeaant,  las  systAaes  prAsantant  certains  inconvAnients  : 

-  Las  problAaas  d' aceeselbilltA  pour  las  piAcaa  da  gAoaAtrle  coaplexe  nAcasaitant 
1  *  utilisation  d'une  robotique  at  d’slgorithaea  de  dAplaceaenta  complexes,  ca  qui  explique 
en  partia  la  codt  AlavA  das  systAaes  at  rand  la  aAaorivation  daa  trajactoiras  par 
epprentifsege  trAs  lourda  A  rAallser  ou  iaposslbla  dans  daa  cat  extrOaea. 

-  La  taux  da  fauaaa  alanae  aur  piAca  nauve  at  aurtout  aur  piAcas  aprAs  fonctionneaant  aat 
AlavA  (affata  gAoaAtrlques,  prAaenca  da  rayurea  ou  de  pollution  auparf iclelle) ,  d ' ou  appel 
frAquant  da  1‘opArateur  at  riaqua  da  mauvalaa  IntarprAtatlon  daa  rAaultata  pouvant 
coaproaettre  la  fiabilitA  du  contrOla. 

La  rAaolution  da  cas  problAaas  nAcess iters  : 

-  La  poasibllltA  pour  lea  systAaes  d‘ util  Iter  las  donnAaa  CAJ/FAO, 

-  La  dAveloppeaant  at  1 'utilisation  da  traitaaants  da  aignaux  peraettent  da  sAperer  les 
indications  de  dAfauta  daa  indications  non  aignlf icativas . 


5-15 


5.4.  loaoaraphie  U 


5.4.1.  Ksppal  du  principe 


La  toaographie  par  rayons  X  p«rfltt  da  rdaliser  d«  aanldre  non  destructive  Jes  vues  #n  coup# 
d'objats.  Ell#  Ait  utllisde  dAQi  1#  doaalne  addlcal  #t  dan#  1#  domain#  industrial  (controls 
aoa  dastructlf). 

La  priacip#  da  la  toau>graphle  #at  le  suivant  : 

On  assure  1 'attdnuatlon  d'un  pincaau  d#  rayons  X  d  travers  l'objat  k  dtudler  at  on  obtlant 
ainai  l’intdgrala  du  co#ffici#nt  d' absorption  suivant  un  trajat  appal*  projection.  On 
acqulert  l'enseable  das  projections  suivant  un  (rand  noabre  de  dlractions  at  on  reconstruit 
par  calcul  1' ieaga  do  la  eoupa  da  l'objat. 


5.4.2.  Constitution  d#s  toaographes,  aodes  d' utilisation  at  paraadtras  critiques 


Un  toaographa  industrial  ast  const  I tu*  : 

-  D’une  source  da  rayons  X, 

-  D'un  ou  plusiaurs  ddtecteurs  do  rayons  X  avac  1* dlectronlqua  assoc  Ida, 

-  D'un  systdaa  adcanique  peraettant  da  ddplacer  l'objat  aiaalnd  dans  la  falsceau, 

-  D'un  systdaa  da  traltaaant  at  da  reconstruct ion  d' image. 

Bo  utilisant  diffdremaent  las  aouveaents  un  toaographa  pout  rdaliser  da  slaplas  vues  an 
projactlon  du  typo  da  ca  qua  l'on  obtiant  an  radlographie  classigua  sur  fila. 

Las  prlncipaux  paraadtras  determinant  la  quel  ltd  d'un  toaographa  sont  : 

-  Paraadtras  jouant  sur  la  rdsolutloo  spatial#  : 

taille  du  foyar  du  tuba,  longueur  at  bautaur  da  l'dldaant  da  ddtaction,  pas  d'acquisition 
(systdaa  plurlddtactaur)  ou  pas  du  ddtactaur  (systdiM  aultlddtactaur) ,  position  relative 
foyer/pidce/ddtecteur,  dlaanslon  da  l'dldaant  d'laage,  cas  paraadtras  devant  foraar  un 
ansaabla  cobdrant. 

-  Paraadtras  jouant  sur  la  rdsolutloo  an  dansitd  : 

rrdquaoca  d'aliaantatlon  at  stabilitd  du  gdndrataur  EX,  stabilltd  da  1 'ansaabla  da 
ddtaction,  prdcision  das  assures . 

-  Paraadtras  jouant  sur  las  dpalssaurs  contrdlables  : 

tanslon  du  gdndrataur  KX,  dynaalqua  da  1' ansaabla  da  ddtaction. 

-  Paraadtras  jouant  sur  las  cadaocas  da  eontrftla  : 

Flux  da  photons  dais  par  la  tuba  RX,  afflcacitd  du  ddtactaur#  toaps  da  rdponse  du 
ddtactaur,  rapidltd  du  systdaa  da  reconstruction  d'iaaga  (pour  qua  la  reconstruction 
d'une  iaaga  solt  plus  rapida  qua  la  taaps  d' acquisition  at  pulssa  dtre  rdallsde  an  taaps 
aasqud),  ehargaaant  at  ddchargaaant  das  pidcas  autoaatiquas  si  1' application  la  ndcessite. 

5.4.3.  Application  au  control#  das  aubes  da  turbine 


SIECHA  a  lancd  1' acquisition  d'un  toaographa  dastlnd  au  eontrOla  das  tubas  da  turbloa  crausas 
d  noyau  cdrsalqua. 

Las  ddfsuts  recherchds  sont  das  ddfsuts  adtallurgiquas  (inclusions,  aicroporositds  ...)  at 
gdoadtriquas  an  psrticuliar  dpsissaur  da  psroi  non  eonforaa  k  causa  d'una  ddfonatlon  du 
noyau  cdrsalqua  pendant  Is  coulde).  On  cootrOle  d'auba  ndcasslta  typlqnaaant  1  true  an 
projection  at  3  coupes  toaographlques  rdpsrtlas  sur  Is  hauteur  de  Is  pale,  coapldtdes 
dventuelleaent  par  des  coupes  toaographlques  passant  per  lea  ddfsuts  adtallurgiquas  pour 
lever  de  doute. 

Le  toaographa  retenu  est  du  type  aultlddtactaur  at  a  lea  eeraetdrlstlques  sulventes  : 

-  Gdndrataur  KX  :  tension  ansi  :  420  kv 

foyer  1,5  aa. 

-  Ddtactaur  d  gas  (Xdnon  sous  press  Ion) 

f  paa  0,15  aa 

hauteur  des  dldaeuts  de  ddtaction  :  0,25  aa 
*  afflcacitd  :  75  1  d  420  kv. 

I 
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-  Objat  Halts  :  dlaadtrs  170  m 

hauteur  450  mi 
dpaltssur  d'tclsr  ;  SO  a*. 


•  Ktalonasga  autoaatlqua. 


-  ChsrgsBent  das  tubas  dsns  Is  chaabrs  da  controls  at  ddcharfSBsnt  su toast  ique*  par  convoyeur 
chargd  an  ddhors  da  Is  csblns  sntl  X  (capaeitd  :  25  4  50  tubas  salon  laur  tsilla). 

Pour  la  controls  das  dpalsseurs  da  psrois  das  tubas.  3  aodas  sont  utllisablas  : 


Rods  annual 


:  la  systdas  calcula  It  dlsttnca  antra  2  points  sdlectionnds  psr 
l'opdrstaur. 


Hods  ssai-autoattlqua 


Hods  su toast Iqua 


:  la  systdas  ctlcula  l’dpslsssur  da  Is  parol  la  Ions  d'una  ligns 
droits  Jolgnant  2  points  sdlactionnds  par  l'opdrstaur  an  dahors 
at  da  part  at  d'autra  da  la  parol. 

:  la  sytdaa  calcula  laa  dpalsseurs  corraspondant  am  alnlaua 
loctui  par  cone  at  pronoaca  su toast iqueaant  la  sanction  par 
coaparaison  d  das  critdras,  las  conas  at  lss  crltdres  ayant  dtd 
prdalsblaasnt  ddflnls  pour  cheque  typa  da  pldce. 


Lss  csdsncas  ds  controls  soot  da  12  0  24  tubas  aobllas/haura  salon  laur  taille.  sur  la  bass 
d’uns  vue  par  projection  at  3  coupas  toaographiquss  par  pidcs. 


(Jn  ezeapl*  da  coups  toaograpbiqua  ast  donnd  Figure  10. 


COgCLUSIOgS 

Rous  tvons  tsntd  d' analyser  at  da  prdssntar  l'enseable  das  techniques  ds  controls  d'una 
aanldre  synthdtlque. 

La  ddcoopositlon  an  phasas  dldasntslrss  fscillta  la  Bias  an  fscteur  tu  niveau  da  chtcuna 
d'allat  das  szigsncas  coaaunss  d  la  plupart  daa  tscbnlquss  si  ca  n'ast  l'ansaabla. 

La  dirfdranclatlon  Is  plus  aerquda  saabla  se  situar  au  nlvaau  das  gdndrataurs  d'szcltation 
doat  las  principal  physiquss  rsstsat  ssssz  spdclflquaa. 

La  siallitude  daa  prlnclpas  physiquss  vs  croissants  d  partlr  da  la  parturbatlon. 

La  phasa  rdvdlatlon  nous  aontra  qua  la  plupart  das  captaura  utllltdt  sont  aanslblaa  auz 
rajonneaants  dlactroaagndtlquas .  La  consdquanca  ast  Is  bonna  unitd  qul  apparatt  auz  stadas  da 
1' analyse,  da  la  synthdsa  at  plus  psrticulidraaant  su  nlvaau  da  Involution  das  crltdras  od 
l'ansaabla  das  ddfsuts,  quails  qua  soit  la  tachnlqua  appllquda  ou  la  stada  d* intervention  du 
controls,  peuvant  dtrs  considdrds  sous  3  ou  4  gdoadtrles  dlfaeentairas  ds  bass. 

Css  snaloglss  st  siaplif icstions  constituent  uns  situation  favorable  pour  haraonUer  lss 
orientations,  las  cholz.  las  Invsstlsseaants.  concantrar  las  afforts  da  crdst Ivitd.  da 
aanidra  d  accdldrsr  las  progrds  at  laur  industrialisation,  rdduira  las  coftts  da  ddveloppeasnt 
at  da  controls. 

Dans  cas  Evolutions,  11  sa  confirms  qua  1’  inforBstlqua  ast  un  dldaent  foodiBantal  qul  nous 
situs  trds  prOs  das  ddbouchds  industrials  an  ca  qui  concarna  la  sanction  basda  sur  Is 
(doadtrla  das  ddfsuts.  On  darnlsr  pas  dlfflcila  d  frtnchlr  sars  calul  da  la  natura  rdslla  das 

ddfsuts. 
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FIGURE  7 

EXEMPLE  DE  MODEL  I  SAT  ION  EN  CON TROLL  PAR  COURANTS  Dt  FOUCAULT 


experime 


Siqnaux  obtenus  pour  one  entaille  circulaire  (d'apr6s  HARWELL) 


FIGURE  8 


EXEMPLE  DE  MODEL ISAI ION  EN  CONTROLE  UL I RASONORE 


Pression  acoustique  calculde  pour  un  traducteur  ultraronore 
(d1  aprfes  SHARPE) 


ANALYSE  PAR  CAPTEUR 


Representation  en  plan 

US  echo  /  defauts  detectes  par  reflexion 

the  mo  1R  1 


RX  projection 
US  transparence 
the  mo  IR 


FIGURE  10 


SYNOPTIQUt  D'UN  SYSTEME  AVANCE 


F1GURT  12 


r  ICURf  15 


fONCMON  I  YP(  PIJHU  W  SlJRVt  1 1  1  ANCI 


FIGURE  14 


CARACTERISTIQUES  DU  SIGNAL  O^EXCITATION  GENE RE 


Frequence  centrale  &  -  x  dB 
fcx  =  Fbx  +  fhx 
— 2 


Largeur  de  bande  5  -  x  dB 

LBX  (5)  =  Fhx  -  fbx  x  i 
rcx 


riGURE  1b 


1RAOUCTEUR5  UlTRASONORES 

DEFINITION  OES  PARAHETRES  RELATIFS  AUX  0E5AL IGNCMCNT 5 
FT  EXCENTRAT IONS 


FIGURE  16 


CONTROLS  AUTOMAT IQUE  PAR  COURANTS  DE  FOUCAULT 
DC  PIECtS  DC  TURBOMACmSTlNTXPL  OH  AT  ION 


SYSTEME  ECU  DE  GENERAL  ELECTRIC 


riGURL  17 


CONTROL!  AUTOMAT IQUE  PAR  COURANTS  DC  FOUCAULT 
DE  PIECES  DE  TURBOMACHINES 


SYSTEME  ROBINSPEC  1  DE  FN  INDUSTRIAL  SYSTEM 


FIGURE  18 


COUPE  TOHOCRAPHiqUE  DU8C  AUBE  DE  TURBINE 


Aube  Mobi le  HP  SNECHA  (■oteur  LARZAC) 


FIGURE  19 

EXTRACTION  PAR  INTEGRATION  D'UN  SIGNAL  REPET  IT  IF 
^SfcJE  PAR  DU  BRUIT 


Exemple  :  nun^r isat ion  d’une  sinusoide  <n61ang£e  h  du  bruit 
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LONG  TERM  POSSIBILITIES 
FOR  US 


FOR  NONDESTRUCTIVE  EVALUATION 
NAVY  AIRCRAFT 


t 


by  V.  R.  Scott 

Naval  Alt  Development  Center 
Uantnster  ,  PA  18974 
USA 


ABSTRACT 


The  majority  of  Nondestructive  Inspection  (NDI)  techniques  currently  in  use  for 
US  Navy  aircraft  are  labor  intensive,  operator  dependent  and  result  in  excessive 
aircraft  down-time.  For  this  reason  NDI  R&D  efforts  currently  are  directed  toward 
developing  rapid  autoaated  systeas  capable  of  reaote  or  unattended  inspection  of 
large  areas  and  inaccessible  structures. 

Ongoing  programs  of  this  type  to  be  discussed  Include  Laser  Ultrasonics, 
Acoustic  Emission,  and  Quantitative  Imaging.  The  primary  thrust  of  the  presentation 
will  cover  the  advantages  of  each  technique  and  the  technical  obstacles  preventing 
its  implementation. 


LASER  ULTRASONICS 


Laser  Ultrasonics  is  anondes truct ive  testing  technique  that  has  the  potential  to 
perform  all  of  the  same  types  of  inspections  as  conventional  ultrasonics  except  that 
instead  of  using  piezoelectric  probes  to  Interrogate  material  defects  it  relies  upon 
optical  techniques.  The  principle  of  operation  of  this  technique,  shown 
schematically  In  figure  l,involves  the  use  of  a  pulsed  laser  to  generate 
thermoelastic  waves  which  are  then  detected  using  a  high  sensitivity  optical 
interferometer.  For  all  practical  purposes  these  thermoelastic  waves  are  identical 
to  ultrasonic  stress  waves.  When  such  waves  interact  with  defects  or  Interfaces 
within  a  material  they  are  scattered  or  reflected  at  points  of  material  property 
discontinuity.  Surface  displacements  resulting  from  the  scattered  waves  reaching  the 
component  surface  are  detected  by  a  high  sensitivity  optical  interferometer  and  are 
converted  into  RF  signals  commonly  referred  to  as  a-scans. 


This  means  of  inspection  has  a  number  of  obvious  advantages  over  conventional 
ultrasonic  techniques.  First  of  all  laser  ultrasonics  operates  In  a  noncontact  mode 
in  contrast  to  conventional  ultrasonics  for  which  a  coupling  is  required  between  the 
probe  and  the  sample  being  tested.  This  coupling  is  normally  accomplished  In  any  of 
three  ways : 

1.  a  thin  film  of  liquid  couplant  is  placed  over  the  surface  of  the  part  to  be 
tested  and  a  piezoelectric  probe  Is  placed  in  direct  contact  with  the  part, 

2.  the  part  is  immersed  In  a  liquid  medium  and  the  piezoelectric  transducer 
radiates  acoustic  energy  through  the  medium  and  Into  the  part, 

3.  a  piezoelectric  transducer  is  placed  inside  of  a  nozzle  which  directs  liquid 
couplant  onto  the  surface  of  the  part  being  tested;  acoustic  energy  radiated 
from  the  transducer  is  wavegulded  along  the  liquid  stream  onto  the  surface  of 
the  part . 


The  purpose  of  the  liquid  couplant  in  all  three  cases  Is  to  provide  an  acoustic 
impedance  natch  between  the  transducer  and  the  part  being  tested,  thereby  allowing 
sufficient  acoustic  energy  to  reach  the  part  and  be  returned  to  the  transducer. 

Since  laser  ultrasonics  generates  the  ultrasonic  stress  wave  right  at  the  surface  of 
the  part  and  detects  ultrasonic  displacements  at  its  surface,  the  need  for  coupling 
la  eliminated. 


In  addition  to  eliminating  the  need  for  couplant,  laser  transduction  has  the 
added  benefit  that  It  permits  remote  ultrasonic  Inspection  in  the  absence  of  any 
intermediate  medium.  While  squlrter  techniques  do  allow  some  distance  to  exist 
between  the  transducer  and  the  specimen,  they  also  require  that  a  liquid  medium  be 
sprayed  onto  It.  This  spraying  can  adversely  effect  the  ultrasonic  signal  especially 
at  the  higher  squlrter  velocities  needed  for  horizontal  or  inverted  vertical  probe 
attitudes  . 


In  contrast,  laser  ultrasonic  probes  can  work  at  any  angle  and  only  require  the 
existence  of  a  transparent  path  between  the  probe  and  the  part  being  Inspected.  This 
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suggests  the  possibility  of  Inspecting  Moving  parts  and  parts  functioning  In  hostile 
environments.  Furthermore,  the  fact  that  laser  ultrasonics  uses  a  Massless  probe 
that  can  reach  Its  target  almost  Instantaneously  opens  up  the  possibility  of 

scanning  rates  which  far  exceed  those  achievable  with  c-scannlng  or  other  servo- 
nechanlcal  probe  positioning  schemes. 


Despite  the  obvious  advantages  of  laser  ultrasoolc  inspection,  it  does  have  a 
number  of  drawbacks  which  have  prevented  Its  practical  Implementation.  These  Include 
the  following  : 

2.  Lasers  sufficiently  powerful  to  produce  usable  ultrasonic  intensities  In 
highly  reflecting  metals  may  be  capable  of  thermally  damaging  other  materials 
such  as  plast ics  . 

2.  High  laser  light  Intensities  associated  with  ultrasonic  Inspection  are 
capable  of  producing  eye  damage.  This  means  that  Inspections  must  be  performed 
1q  limited  access  areas  and  operators  will  be  required  to  use  protective 

e  ye wear . 

3.  The  Interferometric  sensing  techniques  used  to  detect  ultrasonic 
displacements  may  be  considerably  less  sensitive  than  corresponding 
piezoelectric  techniques,  especially  at  long  distances. 

Much  of  the  current  R&D  work  on  laser  ultrasonics  Is  concerned  with  overcoming  the 
above  problem  s  . 


Three  effects  are  Involved  in  the  conversion  of  light  Into  ultrasonic  waves. 
These  are  In  order  of  Increasing  efficiency,  radiation  pressure,  t he rmoela st lc 
generation  and  ablation.  Radiation  pressure  results  In  a  low  conversion  efficiency 
and  Is  of  no  practical  importance.  Thermoelastic  generation  can  produce  efficiencies 
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between  10—  and  10—  or  greater,  while  ablation  may  have  efficiencies  of  10—  or  above. 

The  last  mechanism  while  very  efficient  has  the  disadvantage  that  It  may  lack 
reproducibility  and  In  extreme  cases  caa  produce  material  damage. 


The  above  mechanisms  rely  on  the  rapid  heating  of  an  opaque  material  surface  In 
order  to  produce  a  stress  wsve  and  produce  large  near  surface  displacements  that  are 
inefficient  in  generating  stress  waves  In  the  bulk  of  the  material.  Von  Gutfeld 
11,2}  aod  others  have  shown  that  by  pinning  the  material  surface  much  higher 
transduction  efficiencies  are  obtained  than  are  available  from  free  surface 
excitation.  A  related  effect  may  have  been  demonstrated  by  Rudd  13]  who 
nondestruct Ivel y  produced  large  amplitude  stress  waves  by  exciting  mllar  films  with  a 
pulsed  002  laser.  Although  Rudd  was  not  able  to  make  absolute  measurements  of  the 
amplitude  of  the  resulting  waves  It  was  clear  from  his  results  that  the  amplitudes 
were  up  to  an  order  of  magnitude  larger  than  are  ordinarily  obtained  from 
piezoelectric  transduction  of  similar  waves.  This  suggests  that  light  is  being 
absorbed  through  the  thickness  of  the  plastic  film  producing  a  self  pinning  stress 
wave  . 


Plastic  films  of  this  type  could  readily  be  coupled  to  large  surfaces  using  a 
liquid  couplant  as  shown  In  figure  2.  A  laser  could  then  be  rapidly  scanned  over  the 
surface  producing  a  rapid  non-damaging  probe  suitable  for  a  number  of  structures. 


In  addition  to  better  laser  generation  techniques,  significant  advances  In 
detection  techniques  are  necessary  In  order  to  realize  the  full  potential  of  laser 
ultrasonic  inspection  systems.  Most  Interferometric  devices  currently  In  use  for 
detection  of  ultrasonic  displacements  are  shot  noise  limited  and  exhibit  significant 
losses  In  sensitivity  when  only  low  levels  of  coherent  light  reach  the  optical 
detectors.  As  a  result  working  distance,  surface  roughness,  surface  reflectivity, 
and  light  source  Intensity  are  all  variables  which  are  Important  in  determining 
interferometer  sensitivity. 


Recent  studies  [4]  have  demonstrated  that  with  lasers  of  moderate  power  (oa  the 
order  of  milliwatts)  sensitivities  of  .5  Angstrom  at  a  10  MHz  bandwidth  are 
obtainable.  This  level  of  sensitivity  would  would  be  accepts jle  for  many  ultrasonic 
Inspection  applications,  if  It  could  be  maintained  during  an  inspection  of  a 
conventional  part.  However,  most  designs  for  high  sensitivity  devices,  such  as  the 
one  shown  In  figure  3,  rely  on  maintaining  a  focussed  laser  beam  of  a  near 
diffraction  limited  spot  size  at  the  point  of  inspection.  This  normally  implies  very 
short  working  distances  (<lim.)  and  depths  of  field  on  the  order  of  microns. 
Compromises  involving  higher  power  lasers  and  larger  spot  sizes  may  be  necessary  to 
maintain  both  acceptable  resolution  and  practical  working  distances. 
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ACOUSTIC  EMISSION  (AE) 


Acoustic  ealssion  Is  a  nondestructive  testing  technique  that  detects  the 
presence  of  defects  in  a  structure  by  Monitoring  the  aounda  which  that  structure 
aakes  under  aechanlcal  or  thermal  loading.  These  sounds  can  range  In  frequency  froa 
the  audible  range  up  to  the  lot#  aegahers  range  or  possibly  higher.  Current  US  Navy 
thrusts  in  acoustic  emission  are  lo  the  area  of  in-flight  Monitoring  of  alrfraae 
structures  to  detect  the  presence  of  crack  grovth  In  critical  conponents. 


In  principle  AE  is  coapletely  passive  relying  on  signals  received  fron  arrays  of 
sensitive  piezoelectric  transducers  to  detect  and  localise  sounds  eaitted  fron 
growing  cracks.  A  piezoelectric  sensor  is  Mechanically  secured  to  the  speclaen  and  a 
liquid  couplant  is  placed  between  then  to  lnprove  the  acoustic  iMpedance  natch.  As 
the  specinen  Is  loaded  bursts  of  acoustic  energy  are  eaitted;  they  are  counted  and 
the  rate  of  ealssion  is  plotted  against  load  level.  In  aany  Materials  the  presence 
of  a  high  ealssion  rate  or  the  occurence  of  a  nuaber  of  ealsslons  above  a  certain 
aaplltude  is  indicative  of  the  presence  of  a  growing  crack.  Such  techniques  have 
been  shown  to  work  reliably  In  the  laboratory  for  speclaens  with  slnple  geoaetrles; 
and  in  soae  practical  applications  such  as  Monitoring  of  pressure  vessels. 

Structures  such  as  alrcraf t  ,  on  the  other,  hand  present  difficulties  not  encountered 
in  these  other  applications. 


The  single  largest  problen  in  developing  a  practical  in-flight  Monitoring  systea 
is  how  to  dlserialnate  between  these  benign  noise  sources  and  AE  events  associated 
with  crack  growth.  The  benign,  spurious,  events  are  aainly  associated  with  following: 

Electroaagnet  ic  noise  induced  in  the  sensors,  lead  wires  and  associated 
instr uientat ion  , 

Noise  associated  with  engine  vibration  transnltted  to  the  alrfraae. 

Cavitation  noise  froa  aircraft  hydraulic  systeas. 

Noise  associated  with  fretting  of  aechaolcally  fastened  structural  conponents 
particularly  around  loose  rivets. 


The  three  aaln  techniques  used  for  noise  d 1  set  la ina t ion  are  array  source 
localization,  enl ss lon/load  analysis  [ b )  and  pattern  recognition.  Source 
localization  is  usually  applied  to  conponents  having  a  two  dlaensional  surface  of 
approxlaatel y  constant  thickness  which  can  be  Instruaented  with  an  array  of 
transducers.  For  isotropic  Materials,  plate  and  surface  waves  of  a  particular  node 
and  frequency  travel  at  a  constant  velocity  independent  of  direction.  Depending  on 
the  shape  of  the  part.  It  is  usually  possible  to  uniquely  locate  the  source  of  an 
ealssion  by  Measuring  the  difference  in  arrival  tine  at  each  of  three  or  four 
transducers  aounted  on  the  coaponent  s  surface. 


The  source  localization  technique  can  laaedlately  ellainate  events  associated 
with  electroaagnet  ic  noise,  since  these  noraally  arrive  at  all  sensors 
slaultaneously .  Also,  signals  associated  with  cavitation  and  engine  vibration  can  be 
localized  as  coalng  froa  outside  the  area  of  interest  . 


The  aost  difficult  noises  to  dlserialnate  froa  crack  grovth  are  those  associated 
with  fretting.  This  is  oarticularly  difficult  when  the  source  of  the  fretting  is 
around  a  loose  fastener.  Since  fastener  holes  are  likely  locations  for  crack 
initiation,  locating  an  event  at  a  fastener  hole  does  not  a  priori  rule  out  the 
presence  of  a  crack.  This  leaves  load  level  d  1  scr  la ina t  ion  and  pattern  recognition 
a  s  the  two  reaalnlng  techniques  for  d i sc r la  ina t lng  between  crack  growth  and  fretting. 


Load  level  d  1  scr  la ina t Ion  works  by  observing  the  rate  of  acoustic  ealssion  as  a 
function  of  the  load  being  applied  of  the  coaponent.  A  basic  phenoaenon  observed  In 
acoustic  ealssion  is  that  a  coaponent  under  cyclic  load  does  not  produce  acoustic 
ealssion  until  it  reaches  the  load  at  which  the  last  ealssion  occurred!  the  Kaiser 
Effect).  This  law  does  not  hold  in  general;  however,  it  is  significantly  aore  likely 
that  a  crack  will  grow  at  aaxlaua  load  than  at  soae  other  point  in  the  load  cycle. 


In  addition,  for  soae  Materials  another  kind  of  ealsslons  associated  with  crack 
closure  will  occur  at  the  lower  end  of  a  load  cycle.  Since  the  rate  of  ealssion 
associated  with  fretting  does  not  seea  to  vary  as  strongly  with  load  level.  It  is 
possible  to  use  load  level  vs.  ealssion  plots  to  obtain  strong  statistical  evidence 
for  the  presence  of  crack  growth.  This  aethod  is  also  useful  in  developing  "training 
sets"  for  a  third  d  i  sc r laina t  ion  technique,  i.e.  pattern  recognition. 


* 
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Pattern  recognition  is  a  general  tera  referring  to  aatheaatlcal  techniques  which 
can  be  used  to  categorize  empirical  data  on  the  basis  of  certain  “features"  of  that 
data.  For  example,  electrical  transients  can  normally  be  discriminated  from  crack 
growth  signals  purely  on  the  basis  of  their  duration  or  frequency  content.  Pattern 
recognition  normally  Involves  two  sets  of  data  each  containing  a  number  of  separate 
events  The  first  i.3  a  training  set  used  to  develop  a  discrimination  algorithm.  A 
second  Independent  test  set  is  then  used  to  evaluate  the  algorithm's  effectiveness. 


Figure  4  illustrates  the  results  of  ooe  pattern  recognition  scheme  constructed 
for  separating  events  due  to  crack  growth  f~om  those  due  to  fretting.  Two  separate 
features  are  selected  as  being  indicative  of  these  conditions  and  their  values  are 
placed  on  the  plot  for  each  event  observed.  The  source  of  the  emission  is  obtained 
by  another  means  such  as  load  level  analysis.  Solid  points  are  plotted  for  cracks 
and  open  circles  for  fretting.  Since  crack  events  cluster  selectively  In  the  lower 
right  corner  of  the  plot  and  fretting  events  in  the  upper  left,  it  is  possible  to 
draw  decision  lines  which  separate  either  type  of  event  with  a  given  confidence 
level  . 


In  recent  studies  Hutton  et .  al  .  [6]  applied  pattern  recognition  techniques  to 
acoustic  emission  waveforms  obtained  from  aluminum  tensile  specimens.  Using  load 
level  d 1 acr imlna t Ion  ,  training  sets  of  fretting  and  crack  extension  waveforms  were 
developed  and  these  were  used  to  construct  algorithms  for  discriminating  between  the 
two  types  of  events.  When  these  algorithms  were  applied  to  Independently  acquired 
data  seta  from  the  same  specimens  the  results  of  load  level  discrimination  were 
reproducible  with  a  90  percent  confidence  level  or  greater.  These  results  are  highly 
satisfactory,  since  load  level  analysis  does  not  guarantee  separation  of  crack  growth 
signals  from  benign  events. 


However,  when  these  algorithms  were  applied  to  different  specimens  the  agreement 
dropped  sign i f lean tl y  and  when  specimen  geometry  was  changed  results  were  quite  poor. 
This  was  Interpreted  as  meaning  that  certain  features  of  acoustic  emission  events 
were  unique  to  the  particular  crack  from  which  they  originated  and  to  the  geometry  of 
the  specimens  through  which  they  propagate. 


Later  work  showed  that  transfer  functions  could  be  developed  which  removed  many 
of  the  specimen  specific  features  of  AE  events.  When  events  from  various  specimens 
were  processed  in  this  way,  a  number  of  "robust"  features  were  recognized  as 
discriminating  between  fretting  and  crack  growth  events.  In  laboratory  evaluations 
the  reliability  of  these  algorithms  was  found  to  exceed  90  percent. 


Successes  of  the  above  RAD  efforts  suggest  that  methodologies  based  on  aircraft 
noise  surveys  and  statistical  estimates  of  crack  detection  probability  within  noise 
environments  could  reliably  detect  subcritlcal  crack  growth  In  some  aircraft. 


Work  in  progress  involves  flying  an  AE  systea  on  a  P-3  aircraft  while 
monitoring  crack  growth  in  a  redundant  structure.  The  flight  rack  mounted  AE  system 
to  be  used  for  these  tests  is  shown  in  figure  5.  The  three  channel  acoustic  emission 
system,  shown  In  the  upper  right  hand  rack  panel,  capable  of  identifying  events  from 
the  region  of  Interest  and  acquiring  their  waveforms  on  the  two  Blomatlon  recorders 
in  the  lower  right  rack.  The  12  bit  digitized  waveforms  can  then  be  recorded  on  the 
tape  recorder  for  post  flight  analysis.  A  redundant  cracked  structure  will  be 
Independently  monitored  for  crack  size  using  resistive  crack  growth  monitors 
suplemented  by  periodic  visual  examinations.  Post  processing  of  this  data  will 
permit  optimization  of  discrimlnat  Ion  algorithms  and  critical  evaluation  of  their 
utility. 


If  this  methodology  Is  successful  In  developing  algorithms  suitable  for 
detecting  critical  crack  growth,  future  efforts  will  be  directed  toward  developing 
smaller  aircraft  specific  systems  for  monitoring  critical  areas  of  the  P-3  and  for 
developing  smaller  prototyping  systems  for  use  on  smaller  aircraft. 


QUANTITATIVE  IMAGING 


Quantitative  Imaging  is  a  U.S.  Navy  program  Involved  with  ultrasonic  imaging  of 
defects  in  airframe  materials,  particularly  composite  materials.  The  work  draws  on  a 
number  of  technologies  including  robotics,  image  enhancement,  machine  vision,  and 
ultrasonic  signal  processing.  The  ultimate  goal  of  this  project  is  to  develop 
automated  systems  which  can  directly  measure  those  parameters  relating  to  the 
criticality  of  a  defect  in  a  component.  In  addition,  the  systems  must  be  able  to 
continuously  monitor  changes  in  such  parameters  by  storing  defect  Information  and 
comparing  It  to  results  obtained  at  a  later  time  in  the  life  of  a  component. 
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The  primary  element  of  the  quantitative  Imaging  system  is  a  conventional 
ultrasonic  pulser  receiver  which  excites  short  duration  stress  waves  in  a 
piezoelectric  transducer.  These  waves  are  coupled  into  a  component  of  Interest 
through  a  water  jet  or  by  immersing  both  the  transducer  and  the  component  in  a  water 
bath  . 


The  latter  configuration  is  employed  in  standard  c-scto  systems  that  are  used  to 
produce  ultrasonic  images  of  planar  samples.  These  systems  usually  operate  by  moving 
the  ultrasonic  transducer  above  the  sample  in  a  raster  pattern  while  detecting  the 
amplitude  of  an  ultrasonic  echo  arriving  at  a  particular  delay  time  after  the  initial 
pulse.  This  amplitude  is  used  to  modulate  the  gray  level  of  the  recording  pen  which 
moves  in  synchronization  with  the  transducer. 


In  order  for  these  devices  to  function  properly,  the  transducer  must  be  kept 
normal  to  the  surface  of  the  sample  and  at  a  constant  distance  from  its. surface.  A 
certain  amount  of  shape  variation  can  be  accommodated  in  these  systems  through  the 
use  of  special  fixtures,  servomechanlcal  devices  for  probe  articulation  and  the  use 
of  delayed  triggers  to  electronically  compensate  for  small  variations  in  signal 
arrival  time.  In  addition  multiple  electronic  gates  are  available  which  allow  flaw 
probing  at  several  depths  through  the  thickness.  In  general,  however;  the  cost  of 
such  systems  and  their  limited  capability  for  scanning  complex  geometries  make 
robotic  manipulation  preferable. 


|  The  robotic  scanning  capability  being  developed  under  this  program  has  three 

main  thrusts. 

t  (1)  Constructing  the  digital  representation  of  the  component  to  be  scanned. 

(2)  Translating  that  representation  into  a  set  of  Instructions  which  will  permit 
the  robot  move  an  ultrasonic  probe  at  a  constant  distance  from  the  surface  of 
the  component  and  at  normal  Incidence  to  its  surface. 

(3)  Registering  the  component's  location  within  the  coordinate  system  of  the 
robot,  scanning  and  collecting  data.  (Reconstructing  an  appropriate  ultrasonic 
image  of  the  component  may  also  fall  partially  into  the  realm  of  this  thrust.) 


An  example  of  a  component  suitable  for  robotic  scanning  is  illustrated  by 
results  of  scans  being  done  on  a  graphite/epoxy  sine  wave  spar.  The  particular  spar 
shown  in  figure  6  is  a  segment  of  a  reinforcing  member  from  the  wing  of  an  AV8-B 
aircraft.  It  is  not  Inspected  in  an  optimal  manner  after  fabrication  because  of  the 
difficulty  in  following  its  contours. 


The  digital  representation  of  this  part  was  obtained  by  using  an  optical 
scanning  device  which  moved  a  thin  laser  beam  over  the  surface  of  the  part  In  a 
raster  pattern.  The  component  was  photographed  with  a  television  camera  during  the 
scanning  process.  By  knowing  the  camera  angle  and  the  angle  of  the  scanning  beam  a 
digital  representation  of  the  scanned  surface  was  computed.  This  was  used  to 
construct  the  isometric  projection  shown  in  figure  6. 


Subsequently,  a  best  fit  sine  wave  was  constructed  from  the  digital  data  and 
used  to  drive  the  robotic  scanner.  Vhen  a  scan  was  performed  it  was  found  in  fact 
that  the  spar  was  not  sufficiently  close  in  shape  to  a  real  sine  wave  to  obtain  good 
scans  and  a  more  detailed  digital  approach  was  needed. 


In  general  the  problem  of  producing  a  robotic  scan  pattern  for  a  particular 
shape  seems  to  have  no  geneial  solution.  The  robot  being  used  In  these  studies  has 
six  independent  axes  available  for  placing  and  orienting  the  ultrasonic  probe. 
Although  this  hardware  provides  sufficient  degrees  of  freedom  for  scanning  moat 
objects  of  interest  their  are  a  number  of  subtle  problems  which  emerge  in  developing 
scanning  algorithms: 

The  robot  must  be  programmed  so  as  not  to  pass  through  the  object  that  it  is 
scann lng . 

The  robot  arm  must  be  programmed  not  to  pass  through  lti-elf. 

The  solutions  to  equations  used  to  bring  the  robot  to  a  given  position  and 
orientation  are  not  single  valued.  Improper  selection  of  such  solutions  can 
result  in  the  robot  moving  large  distances  to  reach  adjacent  points. 

Robotic  coordinates  may  not  have  metrics  which  provide  uniform  resolution  on 
parts  with  complex  curvatures. 


I 
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Automating  the  process  of  generating  robotic  scanning  instructions  will  be  a  major 
thrust  in  future  work. 


After  the  scanning  process,  acquisition  and  storage  of  data  presents  the  next 
important  area  where  advanced  development  efforts  are  being  concentrated.  The  usual 
reason  for  the  formation  of  an  ultrasonic  image  is  to  provide  a  permanent  record  of 
the  condition  of  a  component  which  can  readily  be  interpreted  in  terms  of  the 
location  and  sl2e  of  various  anomalies  or  defects.  With  such  records  it  should  be 
possible  to  re-examine  a  scan  of  a  component  many  years  after  It  was  made  and  confirm 
1 1 8  original  Integrity.  In  fact  the  techniques  currently  used  to  collect  and  display 
ultrasonic  data  may  not  serve  any  of  the  above  purposes  properly.  The  results 
of  ultrasonic  Images  such  as  c-scana  yield  results  which  are  as  much  determined  by 
the  operator  as  they  are  by  the  characteristics  of  the  component. 


Figure  7  shows  graphs  of  the  ultrasonic  amplitude  (a-scan)  as  a  function  of  time 
for  a  hypothetical  material.  These  a-scans  ,  which  are  the  raw  data  from  which 
ultrasonic  images  can  be  constructed,  provide  cross  sectional  information  relating  to 
the  integrity  of  a  component.  The  upper  moat  scan  corresponds  to  a  material  In  which 
no  ultrasonic  defects  can  be  detected.  The  two  large  pulses  going  from  left  to 
right  correspond  to  the  front  and  back  surface  of  the  component.  The  absence  of 
significant  features  between  these  echoes  Indicates  that  no  ul t rason leal 1 y  detectable 
flaw  is  presen t . 


In  contrast,  the  lower  a-scan  shows  the  presence  of  an  Interior  echo  which  may 
be  associated  with  a  defect.  The  strength  of  the  echo  increases  with  the  size  of  the 
defect  while  at  the  same  time  the  size  of  the  back  echo  decreases.  By  gating  various 
time  slices  from  the  waveform  and  using  the  amplitude  of  the  enclosed  features  to 
modulate  a  display  an  image  may  be  built. 


As  the  ultrasonic  probe  Is  scanned  In  a  narrow  raster  pattern  (c-  scan)  over  a 
component  surface,  patterns  of  light  and  dark  are  synchronously  produced  on  a  display 
or  hard  copy.  Figure  8  la  an  example  of  a  c-scan  of  a  laminated  material  in  which 
the  gray  level  la  modulated  by  the  amplitude  of  an  echo  from  a  delaminated  region. 

If  the  back  surface  echo  had  been  used  Instead,  then  a  negative  of  the  above  scan 
would  have  been  produced  due  to  loss  of  back  echo  from  the  delaminated  area;  gating 
on  the  front  surface  echo  would  produce  no  flaw  image  at  all. 

Clearly  the  processing  of  the  waveforms  determines  what  information  will  be 
displayed.  Early  approaches  to  optimizing  this  processing  used  Image  histograms  and 
level  slicing  as  shown  in  figure  9.  Imaging  devices  typically  have  a  discreet  number 
of  gray  levels  and  colors  that  can  be  used  In  displaying  an  image.  By  defining  the 
level  slices  in  such  a  way  as  to  maximize  contrast  across  the  range  of  a-scan 
amplitudes  corresponding  to  defect  conditions  it  should  be  possible  to  produce  a  scan 
with  optimized  flaw  sensitivity. 

The  markedly  Improved  image  quality  and  flaw  definition  achieved  with  this 
approach  atlll  does  not  guarantee  their  reproducibility  or  the  completeness  of  the 
information  which  they  contain*  For  this  reason  recent  studies  have  emphasized  a 
technique  referred  to  as  full  volume  ultrasonic  imaging.  The  full  volume  technique 
records  not  Just  a  single  Intensity  level  but  a  complete  ultrasonic  a-scan  for  each 
point  on  a  part  to  be  Imaged. 

Figure  10  shows  the  isometrlcally  projected  output  of  a  full  volume  scan  of  t> 
section  of  a  graphlte/epoxy  laminated  panel.  From  the  data  ban  acquired  in  the 
scan  both  isometric  projections  and  arbitrary  cross  sectional  images  can  be  created 
which  8 how  the  detailed  distribution  of  porosity  in  the  panel.  Such  Images  can  be 
shown  in  real  time  and  a-scans  for  aay  location  can  be  displayed  and  examined. 


Because  of  the  mass  storage  demands  necessary  to  Implement  this  technique  It  Is 
only  now  becoming  practical.  If  a  acan  is  to  be  made  which  has  the  resolution  of  the 
human  eye  (i.e.f  approx.  .2  mm),  then  a  four  square  centimeter  full  volume  scan  would 
require  approximately  1.3  megabytes  of  storage.  This  means  that  an  optical  disk  with 
a  few  gigabytes  of  memory  would  be  required  to  store  the  scan  of  a  one  square  meter 
area . 


The  resolution  required  in  many  ultrasonic  inspection  ,  such  as  those  for 
composite  wing  skins  Is  considerably  coarser  than  visual  resolution  and  a  scan  of  an 
entire  aircraft  could  probably  be  contained  on  a  few  optical  disks.  Even  now  this 
cost  would  not  be  prohibitive.  It  is  anticipated  that  future  improvements  will  make 
this  technique  the  preferred  method  of  data  storage. 


The  full  volume  method  clearly  has  the  advantage  that  post  processing  of  scan 
data  can  be  performed  at  any  time  after  the  original  scan.  This  permits  scrutiny  for 


types  of  defects  that  may  not  have  been  of  interest  when  the  scan  was  Bade.  New  data 
processing  algorithms  not  previously  available  can  also  be  applied. 

Full  voluae  scanning,  though  feasible,  still  leaves  technology  gaps.  The 
prlaary  shortcoming  Is  the  data  transfer  rate.  Most  off  the  shelf  ins t r umen ta t  Ion 
cannot  transfer  more  than  about  100  ultrasonic  waveforss  per  second.  In  contrast 
analog  saapling  using  older  technology  can  process  10000  waveforms  per  second  or 
aore.  This  does  not  seem  to  be  a  fundamental  limitation,  since  both  digitizers  and 
coaputer  busses  are  now  available  to  handle  these  data  rates. 


Areas  for  future  research  in  quantitative  Imaging  will  Involve  calibration  and 
instrument  normalization  needed  to  make  full  volume  scans  made  on  different 
instruments  or  at  different  times  fully  comparable. 
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FIGURE  5 


EXPERIMENTAL  IN-FLIGHT  MONITORING  SYSTEM 


FIGURE  8  C-SCAN  OF  A  GRAPHITE  EPOXY  LAMINATE 
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Original  Histogram 


Equalization  Histogram 

FIGURE  9  GRAPHIC  ILLUSTRATION  OF  C-SCAN  EQUALIZATION 


FIGURE  10  ISOMETRIC  PROJECTION  OF  A  FULL  VOLUME  C-SCAN  SHOVING  POROSITY  IN  A  GRAPHITE 
EPOXY  PANEL 
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MEED  FOR  CO—tOM  AGARD  APPROACH  AMD  ACTIONS 
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Introduction 


During  the  past  few  years  there  has  been  a  considerable  increase  in  the  inter¬ 
relationship  between  the  major  engine  and  airframe  manufacturers,  due  to  the  need 
to  collaborate  on  many  airfraft  projects,  both  within  member  countries  and  across 
international  boundaries. 

Whilst  it  may  have  been  reasonable,  over  these  years,  to  expect  that  these  collab¬ 
orations  should  have  brought  NDT  Technology  and  methodology  towards  commonality,  in 
reality  it  is  perhaps  disappointing  to  record  that  considerable  differences  still 
exist  in  both  the  application  of  NDT  and  other  important  aspects,  such  as  the 
Training  and  Certification  of  personnel  working  in  the  Technology. 

Whilst  there  is  no  direct  evidence  that  the  different  approaches  used  in  NDT  have 
affected  airworthiness,  there  are  many  pressures,  both  Technical  and  Commercial, 
for  requiring  a  common  approach  within  the  community  in  the  future.  The  Technical 
pressures  arise  from  a  need  to  achieve  the  same  Technical  standard  of  product, 
irrespective  of  the  place  of  manufacture,  in  order  to  meet  the  stringent  Damage 
Tolerance  requirements  now  being  placed  on  NDE,  whilst  the  commercial  pressures 
arise  from  the  need  for  industry  to  rationalise  the  methodology,  so  that  components 
are  'processed'  in  the  same  way,  irrespective  of  the  customer.  An  example  of  the 
problems  associated  with  the  lack  of  a  common  approach,  is  shown  in  the  differing 
requirements  of  the  major  aero  engine  manufacturers ,  for  the  ultrasonic  inspection 
of  turbine  discs.  A  study  of  the  physics  of  the  different  methods  demanded  by  the 
engine  companies,  shows  that  the  same  technical  standard  cannot  be  achieved,  and 
the  commercial  problems  are  obvious  when  it  is  recognised  that  these  different 
techniques  are  imposed  on  a  common  forging  supplier. 

As  a  result  of  recent  collaboration  activities  with  a  number  of  other  engine 
manufacturers,  Rolls-Royce  har.  carried  out  a  survey  of  the  differences  that  currently 
exist  and  these  can  be  summarized  as  follows:- 

Significant  Differences  -  Technical 

1 .  X-RAY 

Penetrameters 
Densities 
.  Films 

a)  Penetrameters  -  These  differ  between  Europe  and  the  USA.  In  Europe  it  is 
normal  to  use  DIN  (wire)  penetrameters  for  calibration,  and  step  wedges  are 
required  in  the  USA. 

b)  Densities  -  Wide  differences  across  the  world,  no  international  (or  national) 
standards . 

c)  Films  -  One  film  manufacture  produces  a  totally  different  range  of  film  in 
the  USA  compared  to  its  European  Product. 

2.  ULTRASONIC  -  (Rotating  Parts) 

.  Scanning  Philosophies,  Angles 
Depth,  Coverage. 

.  Calibration  Procedures 

.  Grass,  Attenuation 

a)  Ultrasonic  Philosophies  for  rotating  parts  differs  considerably  from  engine 

company  to  engine  company,  particularly  in  Probe  Scanning  angles  which  vary  from 
5°  scans  to  45°  scans,  although  all  companies  do  have  a  normal  to  surface 
scan  requirement.  In  addition,  considerable  variation  exists  in  the  calibration 
procedures (one  company  still  uses  side-drilled  holes  in  their  test  pieces),  and 
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only  one  company  appears  to  take  into  account  the  affects  of  grass, attenuation  on 
detection  sensitivity. 

b)  A  significant  influence  on  the  different  ultrasonic  philosophies,  is  the  various 
"opinions"  on  the  likely  orientation  of  sub-surfaces  defects.  In  some  cases  it 
is  the  opinion  that  defects  generally  follow  forging  flow  lines,  and  other 
opinions  suggest  chat  defects  occur  at  a  random  orientation  not  necessarily 
associated  with  flow  lines. 

Clearly,  in  order  to  commonise  on  ultrasonic  scanning,  the  defect  orientation 
differences  must  be  resolved. 

3.  MAGNETIC  PARTICLE  INSPECTION  (MPI) 

.  Amperage  Values 

.  Calibration  and  Control  (Test  Pieces) 

The  differences  which  exist  in  the  MPI  methodology  are  relatively  few,  but  a  major  area 
which  requires  resolution  is  the  amperage  values  used  to  calculate  component  magnetiz¬ 
ation  requirements.  These  tend  to  differ  largely  between  the  USA  and  Europe  although, 
some  values  differ  within  each  continent. 

4.  PENETRANT  INSPECTION 

.  Test  Pieces 

.  Process  Parameters  (Dwell  Times,  Temperatures) 

.  Chemistry 

.  Part  Preparation  (Etch  or  no  Etch) 

A  wide  variety  of  differences  exist  in  this  technology,  both  in  the  application  of  the 
chemistry,  and  the  preparation  of  the  parts,  in  particular  the  penetrant  contact  time 
(varies  from  10  minutes  to  30  minutes),  and  whether  to  etch  or  not  to  etch  as  a  pre¬ 
inspection  surface  preparation. 

5.  EDDY  CURRENT  -  There  appears  to  be  very  little  differences  in  the  application  of 
this  technology;  however,  there  are  considerable  disagreements  in  the  claims  on  the 
defect  sizes  that  can  be  detected,  this  will  be  addressed  later  in  the  paper. 

6.  NEW  AND  EMERGING  TECHNOLOGIES 

Real  Time  X-Ray 
Computer  Tomography 
Fluorescent  Detection  etc 

Whilst  it  is  too  early  for  significant  differences  to  exist  in  the  new  and  emerging 
technologies,  a  major  problem  requiring  urgent  resolution  is  to  raise  international 
calibration  standards  which  will  prevent  the  development  of  bad  practices  and 
technical  differences. 

SIGNIFICANT  DIFFERENCES  (GENERAL) 

7.  TRAINING  AND  CERTIFICATION 

Examination  Requirements 
.  Operating  Levels 

.  Periodic  Examination  or  Assessment 
Eyesight  -  Tests  and  Frequency 

In  each  of  these  areas  there  are  major  differences  which  need  to  be  addressed,  although 
there  would  seem  to  be  more  commonality  in  the  training  of  NDT  personnel  across  the 
world,  than  in  the  Cert if ication  &  Approval  methods  used. 

The  main  problem  with  Certif ication  and  Approval  is  concerned  with  who  should  carry 
this  out.  Some  countries  (and  authorities)  believe  Certification  should  be  carried 
out  centrally;  others  suggest  that  this  is  the  responsibili ty  of  the  Employer,  albeit 
to  internationally  agreed  standards. 
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8.  MULTI-NATIONAL  NDE  SPECIFICATIONS 


The  main  approach  to  AGARD  to  achieve  common  standards  is  to  work  towards  an  Industry 
on  Multi-National  specifications  for  each  NDT  methodoly  including  the  emerging 
techniques.  Work  is  proceeding  towards  this  end  in  Europe  and  in  Penetrant  Inspection 
alone,  in  the  USA  at  present;  however,  there  is  no  apparent  effort  to  bring  the  USA 
and  Europe  together  in  this  area.  It  is  essential  that  this  must  be  done  to  achieve 
the  Common  Approach  goal. 

9.  PHYSICAL  AND  TESTING  STANDARDS 


One  further  essential  step  towards  commonisation  is  to  set  up  a  'Round  Robin'  testing 
programme  to 

a)  determine  the  detection  capability  of  facilities  and  methods  and 

b)  to  calibrate  each  facility  against  required  standards. 

This  work  has  already  been  carried  out  on  air  frame  components  and  could  be  duplicated 
on  engine  components.  However,  careful  selection  of  test  standards  will  be  required 
before  meaningful  scientific  studies  can  be  carried  out. 

The  use  of  inadequate  test  pieces  with  untypical  defects  (particularly  artificially 
generated)  may  not  be  capable  of  distinguishing  between  a  good  or  bad  detection 
system. 

One  area  where  cross  reference  and  calibration  is  vital,  is  in  the  application  of 
Eddy  Current  for  the  detection  of  surface  fatigue  cracks.  Dr  L  Bond's  paper  shows 
that  considerable  differences  exist  in  the  claims  made  for  the  detection  capabilities 
of  Eddy  Current  and  since  this  will  be  the  prime  method  for  in-service  inspections  for 
life  extension,  we  must  have  an  AGARD  agreement  on  the  actual  detection  capabilities 
of  the  method.  Including  in  this  agreement  must  be  the 

.  type  of  test  piece 

defect  morphology  (real  or  seeded) 

.  Statistical  method  (miss  calls,  false  calls) 

and  any  other  factor  which  must  be  taken  into  account  to  determine  the  probability  of 
detection. 


LETAT  DE  L’ART  EN  CONTROLE  NON  DESTRUCTIF 
DES  PIECES  DE  TURBOMACHINE 
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1.  IMTEODUClIOg 


1.1.  Durdo  jg  rio  dot  pidcot  dg  turboaochinot 

Lo  sdcuritd  d' exploitation  dea  turboaachines  octuellns  repose  noraoleaent  sur  an*  notion  do 
durd*  do  vio  tQro,  dQaont  colculd*  ot  ddaontrde. 

L‘ application  do  adthodes  do  colcul  dlootopleatlquoa  on  fotlfuo  olltocycliqu*  poraot  lo 
dlaonslonneaent  do  lo  pidco  eonoiddrd*  4  portir  do  donndeo  ocquiaea  our  dprourottoo 
dldaontoiros  ;  co  dlaonslonneaent  eat,  lo  cos  dehdont,  volidd  per  doa  ossolo  on  foooo  ou  «u 
bone. 

Loo  contrMes  non  deetructifs  doo  fobrlcotlono  font  un  doo  dldaonts  essentials  do  1' assurance 
quo! ltd  :  lit  poraottent  do  gorontlr  lo  eonforaltd  doo  produlta  fit  d  via  do  lo  rdfdronco 
technique  pour  lequell*  lo  durdo  do  ?lo  tQro  n  dtd  ddtoralndo. 

II  n'oot  poo  roro  quo.  tont  pour  conforter  ou  dtondro  lo  durdo  do  tlo  ottro,  quo  pour  folro 
foco  d  doo  dfdnoaontt  fortulto,  l'on  ooit  oaond  4  concotoir  ot  oppliquor  dot  Inapoctlona  non 
dootructlvoo  pondant  lo  durdo  d' exploitation  du  aotdrlol. 

Lot  porforaoncoo  dot  contrdles  oppllqudt  tint  on  production  qu'on  exploitation  font  tolloa 
quo  loo  coapooonta  fobriqudo  no  prdoontont  poo  do  ddfouto  dont  lo  tolllo  oat  aupdrlouro  ou 
toull  do  ddtoction  offichd. 

Lo  altuotlon  octuollo  pout  Itro  llluotrdo  por  lo  qropho  cl-doooouo  : 


durdo  do  rlo  otro 


o  o  roprdsonto  lo  longueur  Initial*  roprdaontotlto  do  lo  quolitd  do  production. 

o  CUD  roprdsonto  lo  pluo  grot  ddfout  non  ddtoctoblo  por  adthodo  CM). 

o  B  roprdoonto  lo  tolllo  du  ddfout  adao  ontrolnont  lo  rupturo  ototlquo 

A  roprdsonto  lo  coo  d' incident  oxcoptlonnol  oO  uno  pidco  oat  orrirdo  4  rupturo. 

B  roprdoonto  lo  ddpoto  d'uno  pidco  contrftld*  on  aointononco  oprdt  1* incident  A. 

L' unstable  do  coo  notions  nout  oadno  4  prdcitor  lot  porforaoncoo  dot  contrBloo  non 
deatructifa. 


\ 
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1.2.  BfflcacltAs  coaoarAoa  dos  dlffArontoa  aAthodos  OP  : 

DiffArentes  etudes  thAoriques  ot  expAriaentales  ont  conduit  un  certain  noabre  do 
coostructouro  sAronautlques  A  determiner  loo  nlveaux  do  performances  rolotifo  oux  diffAreates 
techniques  CMP  dltpoaibloo. 

Dot  oosoio  oat  AtA  rAslisAs  our  dos  Aprouvettes  prAsentont  dot  dAfsuts  typo  fisouro  do 
fatigue  ot  representatives  do  coaf igurstion*  gAoaAtrlques  resiles  dos  pieces  siess&o, 
alveole . 

La  figure  ci-dotoous  illustro  los  rAsultats  obtonuo. 


ProbobllltO  do  I  Hsgnetoscoplo 


II  oot  Important  do  signaler  quo  cortoins  dAfauts  prtiontto  sur  los  plAces  dont  Is  tolllo  ost 
infArieure  ou  soull  do  detection  gsraati  peuvent  Atre  dAtectAs. 

A  coo  courbe*  dolv-int  Atre  sssoclAes  colies  dos  “fousses  elaraes",  c’est-A-dirt  dos 
detections  d' anomalies  sons  rapport  ovoc  lo  dAfout  recherche  qul  prAsentont  uno  signature  du 

■tea  typo. 

Cos  “fousses  alaraeg"  ont  pour  origins  on  gAnArel,  dos  enoaelleo  gAoaAtrlques  ou 
aAtaUurglques  do  la  plAce,  dos  perturbations  physiques  ou  Alectronlqueo  gtntrtes  par  lo 
aster lei  do  contrftle  utlllsd. 


2.  LES  CMP  EM  PKOPUCTIOM  DBS  PIECES  HOT BURS 


2.1.  GAnArolitAt 

L' integration  dos  contrAles  non  destructlfs  dsns  les  (asms  do  fabrication  dos  coapooents 
tlont  coapto  : 

-  do  lo  nature  dos  ddfauts  recherche*  alnsi  quo  du  seuil  de  detection  escompti, 

-  do  la  gAoaAtrle  do  la  pi  Ac*  ot  do  son  Atat  do  surface , 

-  do  la  nature  du  aatArlau, 

-  dos  rlsquos  do  contaalnatlon  gAnArAa  par  lo  procAdA  d* Inspection. 

Paral  los  techniques  CMP  dlsponibles,  ost  sAlectlonnAa  la  technique  la  plus  adaptdo  aux 
critAres  dAflnls  cl-dossus. 

Bnsuito  sont  rAollsAos  success ivoaont  la  validation  oxpArlaontale  do  lo  aAthodo  alnsi 
rotonuo,  la  conception  ot  la  realisation  d'Ataion  do  rAfAronco. 

Bnfin,  la  also  on  place  coordonnAe  ot  la  survolllsnco  dos  Aqulpeaonts  ot  procedures 
d' Inspection  garantlt  on  production  lo  niveau  do  qualitA  nAcessaire. 

Lo  sAloction  dos  techniques  CMP  dans  la  phase  Initials  ost  fonction  do  la  configuration  dos 
plAcos  ot  dos  dAfauts  typo  recherchAs  ost  illustrAo  par  lo  tableau  ci-aprAs  : 


\ 
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Stodoo  d‘ opplicotion 
doo  C.I.D. 

Ddrouto  typo* 
rocborchda 

Dlaoooioa 

typo 

C.I.D. 

ontisagoabloa 

Ideoptloa  doo  produitt 

Mluii  do  attldrot 

Mm 

US 

doai -produits 

Odfouto  d'dlobcratioo  ot  do 
prsaidro  troaororaotioo 
( inclusions,  sdgrdgatioas , 
crlquos,  otc.) 

H 

PUcoo  brotoo 

.  forgdos 

-  aspoct,  topuroo,  erlquas, 
roplia,  loclooloao  loaiadoo. 
otc. 

O.S  aa 

US,  U,  RS 

.  could** 

-  aspoct,  crlquos,  porooitdo, 
iaclooioas,  sdgrdgatioas, 
rotooouroa,  aicrorotooouroo, 
otc. 

-  dpolooouro  parols 

0,3  aa 

US.  U,  RS 

(a  court  do  rabricttlo* 

.  usiaogo 

-  oapoct,  crlquoo  do  roctlflcotloa 
corrosion,  aosoros  d'dpolasours, 

otc. 

0.2  aa 

os.  cor.  is, 

IK 

.  aoudngo 

-  oapoct.  Maquo  da  pdadtratloa, 
crlquaa,  foufflurai.  Inclusion* 
ate. 

2 

* 

10  aa 

U,  IK.  RS 

Trtltuaustt  thorulquoi  : 

Topuros  do  troapoo,  crlquos  do 
ddtont i oanoaont ,  eoroctdrisotioa 
do  ldtat  do  troltoaoat  thoraiquo 
(pour  cortoias  olllogos)  aosuro 
d'dpolssour  dos  couch**  cdaoatdoo, 
otc. 

0,$  aa 

CdP.  IS 

Traltoaont  d*  ourfocoo  : 

4a poet ,  dpoiosour  du  ddpftt, 
fissuratloa,  adfcdraoca  du  rood- 
toaoot,  otc. 

CdP.  IS 

Trois  iiMplii  concrota  cholala  dMi  It  protiquo  courant*  p*ra*ttont  d'illustror  cott* 
adthodologlo  : 

2.2.  ContrOlo  par  altrosons  do  dlsouos  do  cwarm aura  ot  tarblaoa 

L*  prettier  oioaplo  lit  1*  control*  ultraaonore  rdolisd  cur  lti  pidc**  tooroontos  4? 
turbor doc tour  :  c'ost  1*  cu  d*  dliquti,  ttaboura  ou  rotors  do  coaprostour  #t  do  torbino. 

L'nutoaot loot too  do  control*  ultratonoro  por  iaaorsios  doo  pldeos  oilsyadtrlquos  do 
turbordoetour  poraot  : 

-  d'occroltr*  1*  dogrd  do  eonfinneo,  It  coproduct ibll ltd  ot  let  porforaoaco*  1*  coo  dchdoat, 

-  do  rddolro  lo  coOt  do  l'aasuronco  qualitd, 


ot  co,  dono  lo  codro  d‘un*  opplicotion  on  otollor  do  production. 
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Catta  appl  .atloa  it  riallaa  4ibi  las  eoaditloaa  mlvaatas  : 


-  c-  ittt  aur  itat  pri-usloi  da  fora*  **o«*triqua  tiapl*. 

-  utilisatloa  d«  palpaura  focalisis  da  frftquanca  aoailaala  5  ou  10  HHi  (an  fooctioa  da  la 
suripalssaur  d'utlaaja  par  rapport  aw  profit  do  la  plica  fiaio). 

-  ttalonaaga  aur  trow  i  food  plat  ou  aar  (iaira tries  do  trow. 


La  praalira  ait hods  prisants  l'avaatafta  laportaat  quo  la  diaaaaioo  du  rdflactaur  (food  plat 
da  trow)  no  tar  la  paa  aa  fonetioa  da  la  profoadaur.  Par  coatrs,  dsui  calaa  italoa  aoat  alora 
adeaaaairaa  poor  rdallaar  l’italoaaafs  aa  oadaa  lootitudiaalas  pula  tranavaraalaa  (flqura  2). 


VARIATION  Of  L'ATT£HuaUO*  (9> 


wit  iu  tm 


L*  Introduction  da  l’italoonats  at  du  coatrftla  autoaattqua  a  par* It  aa  aojanna  uaa 
tuiaantat ioa  da  producttrltd  da  40  1,  9olt  uaa  rftductioa  d* oat iron  200  KF/an/ install at ion. 

La  tablaaw  auivaat  donna  uaa  illustration  daa  tains  obtaaua 


TABLKAB  2 


COTTPOLI  IfLTliSOMPU  P*  PI  ICES  TOOmgTIS  critiques 
■MOCIW  DK  U  DOW  PIS  COHOLIS  PTTtt  IMST4LUTI0BS  SPil-tOTOmTIOOIS  g  AUTOHATIQUKS 
1MTR00UCTI0M  Pi  L  ITALOMUCt  AtftOMATIOm 


Typa  da  plica 

Dwriaa  ralatifos  (coatrftla  pint  priparatioo) 

1  -  Coatrftla 
sMl-autooatlqua 

2  -  Coatrftla  auto 
italoaaafa  Manual 

.  _ 

3  -  Coatrftla  auto 

itslonaaga  auto 

. 

Diaqua  1  turbtna 

(Bata)  100 

32 

24 

Diaqua  7  turbiaa 

100 

33 

2ft 

Dlaqua  3  turbiaa 

100 

55 

28 

Arbra  da  coaprassaur 

335 

120 

111 

Diaqua  da  aoufflanta 

144 

84 

78 

Dana  toga  las  css,  vitassa  lVndalra  4$0  M/a,  paa  d'avancas7S  l  tacha  focala. 


T 
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U  figure  3  montre  shtmatiquement  let  crlttres  d' inspection  correspond Ants . 


comwLi  atnu-iOM 


II 


|  CONTROLS  ULTRA-SONS  I 

1  ! 

Zones 

| UA , UB , UD , UR | 

i  -  i 

UC.UP 

IUA.UB.UD.UB  | 

J  -  1 

|  uc 

1 

RugosltA  Ra  ( 

m)| 

1 

0.8 

Mode 

1  «  1 
_J _ L 

LG 

|  T20MR  | 

J _ 1 

|  T20MG 

1 _ 

Crit4res 
(\  amplitude 
d'Atalonnagt) 

1  I 

1  1 

_J _ L 

2S 

i 

|  50 

J _ 1 

i 

1  50 

1 _ 

Uganda  : 

LR  :  Mods  longitudinal  redial 

LG  :  mode  longitudinal  sur  gtntratrlce 

T20MR  :  Mode  transversal  radial  4  20*  d' incidence. 

T20HG  :  Mod#  transversal  sur  gdndratrlce  4  20*  d‘ Incidence 


-  Fig  }  - 


Les  aeulls  de  rejet  variant  entre  des  diamAtres  de  trou  4  fond  plat  de  0,6  4  5im  selon  lea 
cas,  un  taut  de  rebut  de  l'ordre  de  5  10  “2/pl4ce  est  typlquement  observt,  correspondent  4 
des  criques  de  forge  amo  redes  par  des  inclusions  d'oxydes,  des  segregations  du  type  white 
spots. 

L'  installation  est  programmes  pour  stopper  automat iquement  d4s  que  le  signal  ddpasse  le 
niveau  staxiaua  du  bruit  de  structure  habitual,  aolt  un  diamAtre  de  trou  4  fond  plat  de 
l'ordre  de  0,4  m  an  moyenne.  L'operateur  procAde  alors  4  une  evaluation  manuelle  (par 
angulation,  etc),  du  maximum  d'Aeho  dans  la  zone  consld6r6e.  Pour  les  pieces  avancAes  en 
mAtellurgie  de  poudres,  le  nombre  d‘  indications  dApassant  le  niveau  maximal  de  bruit  de 
structure  eat  eieve.  L* installation  acquiert  les  amplitudes  point  par  point  at  identifle  en 
final  les  zones  od  l1 amplitude  dtpasse  le  seull  4  des  fins  d  ‘expertise. 


2.3.  Controls  des  Apaitseura  de  parols  d’aubas  4  cavltA 

Le  deuxlAme  exemple  concerns  la  nesure  dlmensionnelle  d’Apaisseur  de  parol  d'aube  de  turbine 
(cas  d’aubea  comportant  une  cavitA). 

Dans  la  gamma  d'Apalsseur  consldArAe,  volsine  du  millimetre,  avec  des  configurations 
gAomAtrlquee  complexes,  notamment  surfaces  courbes  et  accidents  de  forme  ia^ortants  avec 
pr6sence  de  "pontets",  l'objectlf  4  attelndre  est  de  mesurer  ces  6paisseurs  avec  une 
precision  de  l'ordre  de  0,05  m.  Les  Acarts  observes  industrlellefient  provlennent  des 
tolArances  sur  les  carapaces  cAramiques  et  des  dAports  des  noyaux  4  la  coulAe. 

Le  controls  par  ultrssons  ne  convient  pas  toujours  pour  les  raisons  suivantes  : 

-  la  gAomAtrie  complexe  4  l'endroit  de  la  mesure  donne  des  oscillogrammes  IninterprAtables  et 
done  des  mesures  peu  f tables, 

-  dans  le  cas  d'aubes  monocrlstallines  ou  rAallsAes  en  solidification  dlrlgAe,  11  y  a 
variation  du  module  d'Toung  dans  le  matAriau  et  done  variation  de  la  vitesse  des  ondes 
ultrasonores  suivant  1 'orientation  de  la  mesure.  les  tcerts  conststts  ( ±  10  X  sur  les 
Apalsseurs  relevAes  par  ultrasons)  nous  ont  conduit  4  abandonner  cette  technique. 

-  le  temps  de  eontrftle  doit  Atre  amAliorA. 


/ 


La  aise  en  oeuvre  du  contrOle  per  Courants  de  Foucault  appliquA  aus  tubes  Mobiles  et  aux 
distributees  de  turbine  peraet  d'sttelndre  les  objectifs  techniques  et  Aconoalques. 


L'  installation  consldArAe,  illustrAe  sur  le  cilchA  de  la  figure  4.  prAaente  les 
caractArlstlques  suivantes  : 

-  le  prAclalon  de  le  assure  est  InfArleure  A  0,05  mm, 

-  1 ' integration  du  syst&ae  de  contrOle  sur  un  robot  a  perais  1 ’ augaentatlon  des  cadences 
coaae  le  aontre  le  tableau  ci-dessous  pour  2  applications  : 


CONTROLE  US 

CONTROLE  CdF  * 

Aube  aoblle  HP 

18  pta  de  aesure 

5  A  10  Bin 

1  ain  SO  s 

Distributeur 

3  pales 

S4  points  de  aesure 

IS  A  20  ain 

S  ain  30  s 

*  1  pt  de  assure 

toutes  les  6  secondes 


ContrOle  des  soudures  sur  rotors  de  coaoresseur 

L' Evolution  du  contrOle  radlographlque  de  zones  aoudAes  par  falsceau  d’ Electrons  sur  rotor  de 
turboaachlne  en  alllage  de  titane  constitue  le  trolaiAae  exeaple. 

Inltlaleaent ,  le  contrOle  par  Radlographle  R  rAallsA  en  aode  directionnel  sur  la  piAce 
peraettait  la  detection  de  : 

-  aanque  de  llilson  sur  le  plan  de  joint  (30  X  de  l'Apalsseur  de  la  piAce  longueur  aini  - 
1  A  10  M). 

-  criques  longitudlneles  parallAles  au  cordon  de  soudure  (10  A  30  X  de  l'Apalsseur 
longueur  aini  =  1  b  10  aa), 

-  soufflures  (fl  2  aa). 

La  nAcessitA  d'aaAliorer  les  cadences  de  contrOle  et  1' apparition  aprAs  soudage  de  criques 
transversals*  de  trAs  petltes  dlaensions  (longueur  environ  3  aa  au  aolns)  de  part  et  d'autre 
du  plan  de  joint  dans  le  cordon  de  soudure  a  nAcessitA  la  alee  au  point  d'une  nouvelle 
technique  de  Radlographle  appelAe  "dynsaique",  c'est-i-dire  avec  rotation  de  la  plAce  devant 
le  tube  RX  pendant  le  tlr. 


lodApendaMwat  de  1' emdlloration  du  niteau  de  dAtectlon  de  cette  technique  :  Mllleure 
rAsolution  qua  cells  obtenue  trie  u a  tube  ■icrofoeus-panoraaique,  uo  gain  important  de 
productiviti  e  AtA  rAalisA.  Lee  temps  de  contrOle  oat  AtA  divlsAs  per  plus  de  6. 

La  tableau  3  eo  est  1' illustration. 


Taei.ean  ^ 


CONTROLS  RADIOGRAPHIQUE  DE  ROTOR  SOUPE  gj 


TECHNIQUES  UTILISBBS 

TEMPS  "PREPARATION  BT  TIE" 

RESOLUTION. 

PERFORMANCE  DE  DETECTION 

RADIOGRAPH IE  CONVENT IONNBLLB 

-  TUBE  RX  DIRBCTIONNBL 

-  PIECE  BT  TUBE  RX  PIXBS 

-  16  TIBS  PAP  CORDON,  SOIT 

128  TIRS/PIBCE 

Base  :  100 

MANQUE  DE  LIAISON  :  30  \ 

DE  L'EPAISSEUE  CONTROLS 8 
CRIQURS  LONG I TUD I* ALES  : 

10  1  A  30  X  DE  L'EPAIS- 
SEUR  CONTROLEB 

CRIQUES  RADI ALES  DETEC¬ 
TION  ALEATOIRE 

SOUPPLURES  :  ?  0,2  mm 

RADIOGRAPH 18  DYNAMIQUB 
(lAre  ETAPE) 

-  TUBE  EX  DIEECTIONNBL 

-  TUBE  EX  PIXK.  PIECE  BN  ROTATION 

-  EBGLAGE  BN  POSITION  DU  TUBE 

-  EX  HAMUBL  (LONG  ET  PEU  PRECIS) 

-  1  TIE  PAR  CORDON,  SOIT 

8  TIRS/PIBCE 

38 

MANQUE  :  20  %  A  30  1  DE 
L'BPAISSBUR  CONTROLEB 
CRIQUES  LONGITUDINALES  : 

10  1  A  30  %  DE  L' EPAIS- 
SEUR  CONTROLEB 

CRIQUES  RADI ALES  BIEN 
DETBCTBES 

SOUPPLURES  :  0,1  A  0,2  ** 

RADIOGRAPH I 8  DYNAMIQUB 
(2  Arne  ETAPE) 

-  TUBE  RX  DIRBCTIONNBL 

-  TUBE  RX  FIXE,  PIECE  EM  ROTATION 

-  AUTOHATISATION  DU  PILOTAGE  : 

.  DBS  COHHANDBS  DE  TIE 

.  DU  POSITIONNEHENT  DU  TUBE  RX 

-  1  TIE  PAR  CORDON,  SOIT 

8  TIRS/PIBCE  DANS  2  SEQUENCES 

15 

IDEM  UAre  ETAPE) 

AVBC  FIA8ILITE  ACCRUE 
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3.  CUP  APPLIQUMS  SPt  gOTBUKS  KM  BIPLOITATIOM 


i 


f 


G4a4rtlit4» 

La  necasaite  da  confirmer  ou  d'etandra  una  durda  da  via  tQra,  alnsi  qua  la  coastatatlon  da  la 
presence  da  ddfauta  da  fonctionnement  an  reparation,  ou  d'iocidenta  an  utlliaation.  impotent 
quelquefois  la  prograamation  d'une  inapaction  aur  la  material  an  service. 

Dana  la  deraiar  caa,  aur  la  baaa  daa  rdaultata  da  l'expertise  daa  elements  ddfactuaux,  daux 
type*  d' action  peuvant  fttra  engag6et  : 

-  1 'elimination  daa  riaquaa  d’une  ddraillanca  idaatiqua  r emplacement  ayetfoatlque  daa 

pieces  incrimln6as  (actiona  correctivas) , 

-  la  prevention  daa  riaquaa  d’une  ddfatllance  idaatiqua  :  CUD  daa  plicae  incrlaindea  (action 
preventive) . 

Dana  la  caa  da  prevention  daa  riaquaa.  la  methodologia  adoptee  eat  la  aulvanta  : 

-  una  analyse  precise  daa  principaux  paraoitrea  techniques  dont  : 

.  la  nature  du  mater leu, 

.  la  nature  da  l’anoaalle, 

.  l'accasalblllte  i  la  zona  d’ initiation  da  l’anomalle, 

.  las  riaquaa  da  contamination  du  moteur 

condltionnant  la  cholx  da  la  methods  CVD  k  ratanlr  pour  catta  application  (voir  tableau  4). 


-  Le  ddclenchcMKfit  de  la  aiise  au  point  d’un  procddd  d' inspection  selon  la  chronologic  ddfinie 
(tableaux  *»  et  b  bis). 


tamo  » 

larmwoi  wb_  macirm  rmnna  Tta»wg_gg_u  emu  m  flaw  i  umiwmu 


\  frlaelfaaa 

■ATVRK  W  HATttUO 

BATUV* 

oc  L  onuLrt 

accnsiaiLin 

tISQUCS 

X.  (aflawta 

Mtal- 

11VM 

ao«  Mtal- 
11 VM 

Cri«M« 

dtvaraat. 

AAeblra- 

caa, 

nflli, 

tiyifM 

Oaaraa 

Mforaa- 

tlMa 

Raavaia  rmI- 
tlHDMHt 
••  abaaaea 
«•  914cm 

■at lira 

4  la 

aia** 

1 aeri¬ 
al  a*a 

A  la  iom 
Alaltla- 
tlM  «a 

N 

rot LOTI 09 

OV  N 

ooar«iir«ATioa 

TnIwIimi  \ 
d«  cm  \ 

utiliaAaa  X. 

CMfaraa 

mm  vitvtL 

B 

n 

n 

Bi 

RCSS0AS1 

I 

9 

i 

I 

'  1 

nvanocLCcnicrn 

1 

1 1 

1 

mm 

& 

UALTSR  VIMATOItt 
UllHtUUNNt  A 
titra  azfArlaaatai) 

1 

B 

H 

H 

m§m 

B 

1 

B 

B 

BLTRASCW 

1 

■ 

■ 

ooeuan  oa  foocaolt 

s  I 

H 

i 

1 

■  - 

B 

CMaueurait 

D 

■Bi 

i 

WBm 

M 

Bi 

■EH 

•pplteatloa  Rastibla 
ipflleatlM  lafaaalbla 
m  in  fribrili 


a  iuiipHiitn  a 

0  facaltatlf  &  >o» 


TAfrEAU  $ 

chronoukie  d‘\m.  Nig  au  point  d‘uhe  trmopc  cmo 
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TMUAU  5  US 

CMWMLC6U  D’iBL Hlg  w  WMT.rWt  «TWCQE  01  CBITMU  gg  PESTRUCT1F 

am  SSBJBUStm.  »  U  asauaga  «  unusATiw  pes  «dte«s  o'ations 


CHOIX  OES 
HETMODES  0E 

CND  A 

EXPtRIHEMTER 

-4 

DEFINITION  ET  REA- 
LISATlM  SI  KSOIN. 
DU  MATERIEL  NECES- 
SAIRE  AUX  ESSA1S 

- 

EXPERIMENTATION 

- 

CHOI  X  DU  au 
OES  PROCEDES 

A 

APPLIQUER 

- 

REALISATION 

D'EDUIPEMENTS 

STANDARD 

ALIGNES 

- 

APPLICATION 
OE  LA 
fCTNODE 
CHOI SIC 

tenant  coapta 

Material  co^renant 

1)  En  laboratolre  swr 

Seulemnt  si 

SI  ndcosslte 

-  pir  «p#- 

das  possibility* 

places  d'essai*.  recherche 

performnee 

d'effoctaer 

clellste  de 

techniques  das 

-  apperelllape  de 

de  1 'Itabllssamnt  d'une 

saffl sente 

slmltendnent 

CNO 

dlffdrants 

eontrble  standard 

correlation  antra  Indlca- 

an  aim 

-  vtr  opt- 

p roc adds 

ou  spdclflaue 

tlons  donnde*  par  proeddds 

contrlle  en 

rateurs 

(cf.  tableau  a) 

-  pi dees  avee 

da  CIO  at  1 '  l^ortance  das 

das  Hoax 

aprds 

Performances 

ddfaiits  slpnlfl- 

ddfaats  slfMflcetlfs 

different* 

formtlon 

.  WO 

catlfs 

tenant  coapt*  si  possible 

prealabla 

das  dldmnts  de  dispersion 

sas  alarms 

rdtlt) 

(position  at  orientation 

ceractirlsds 

das  defeats  -  form  et 

ffoadtrle  dot  pieces...) 

2)  Mr  ao tears,  en  Wilt 
grtndear,  verification 
no  tamer  t  dn  Condition! 
d'accassibllite  da  mtdrlel 
de  contrOle 

3)  Synthdse  dn  nsili  et 
das  verifications  : 

-  Definition  dH  perfor- 
aancts  do  la  adtfcode  txpd- 
rlmntde  (sensibility, 
taepn  da  control a  at  d'ln- 
dlsponlblllty  da  mtear) 

-  Fixation  das  crltlras 
d' acceptation 
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Citoaa  *  iiMplti  cone cats  iaaua  <t«  aotra  axpdrlnnea  : 

3.2.  Flaauraa  da  fatlxua  aar  bord  d’attaoua  d'aubaa 

A  la  cult*  d'aoa  ruptura  d'auba  da  lar  dtaga  da  eoapraaaaar  tar  un  aotaur,  il  a  4t4  ddcldd 
d'appllquar  an  aalatananca  aa  coatrftla  prdvantif  aar  toat  la  pare  daa  turbordaetoura  aa 
aarviea  iui  ddaoataga  da  la  plica  iaerlftUda.  11  fallal t  ddfUlr  aaa  adthoda  CUD  applleabla 
diractaftaat  aar  aotaar  avioaad. 

La  cholx  da  la  taehnlqua  aa  porta  aar  laa  Coaraata  da  Foucault.  On  dqulpa«aat  da  eoatrdla 
avae  balajaga  saai-autoMtlqua  da  la  coaa  4  eaatrdlar  par  la  aoada  CdP  fat  rdallad  (voir  Fig. 

5  at  4). 


PBEHst  iwm. 

m  wmre  n  mwu 


Fig.  S  -  Soada  Coaraata  da  Foucault,  aotaur  avioaad. 


La  validation  da  la  adthoda  a  4fcd  affaetada  aar  pldea  avae  flasura  da  longuaur  ddvaloppde 
dgala  4  1  aa.  Catta  valaar  const Itua  la  aaall  da  ddtactioa  da  la  adthoda. 

Trda  paa  da  fauaaoa  alaraaa  ont  dtd  coaatatdaa,  eonadquanea  da  ayatdta  seal-autoaatlqua 
dllainant  r Influence  da  l'opdrataur.  La  taapa  da  contrble  ralatlvaaant  braf  :  ana  haura  pour 
l'enseable  da  la  roue,  ast  trda  Infdrlaar  aa  taapa  ndeaaaaira  4  la  ddpoaa  at  raposa  da 
aotaar,  avae  ddaontage  at  reaontage  da  toataa  laa  aubaa  da  lar  dtaga  da  coapraaaaur,  aolt 
S  heares  avae  passage  da  1' avion  an  point  fiia. 
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L'lntsfssll#  d‘ Inspection  AvaluA  i  partir  da  la  crltlcitA  du  dAfnut  Atalt  da  50  baura*. 

Bn  Mlttiuici,  138  aotaurt  oat  AtA  control**  par  laa  utlllsataurs  sur  baaa.  Sur  12  aubai, 
ont  4tA  ddtactdaa  daa  indications C.  tie  Foucault.  AprAs  dAposo,  11  tubas  prAsontaiont 
affactiramaat  das  crlqutt  da  fatltua  da  dictation  tupArlaura  A  1  mm  (siull)  at  sur  uoa  sub# 
1* indication  correspond* It  A  ua  Impact  assas  Important- 


3.3.  ftfggras  gar  factosr  da  forms  dans  aq  dlsous 

Bn  utilisation!  das  erlquaa  da  fatitua-fluat*  s’amorqtat  dans  ua  rayon  trAs  f tibia  au  droit 
d'uQ  contract  sont  apparuas  sur  das  discuss  da  eoaprassaur  an  alllago  lAgor. 

La  criqua  praaait  nalsaanca  dans  una  ton#  quasi -inaccassibla  sans  dAmoataga  da  la  piAca 
incrlminAa  <tolr  Fig.  7  at  8). 


«»•  * 


Trajot  du  faisceau  ultrasonore 

rig.  8 


Compta  tanu  da  catta  dim  cult*,  saul  la  contrftla  ultrasonora  par  contact  tur  rotor  eomplat 
Atalt  anvissfoabla. 

Una  pramlAra  mat  hod#  (Fig.  s  >  fut  mist  au  point  at  fut  appliquAa  InmAdistamant  A  uoa  partia 
du  pare  motaur  (44  diaquas).  La  snail  da  dAtaction  Atabll  sur  ddfaut  rAal  at  valldd  par 
dissection  d'un  dlsqua  criquA  Atalt  da  l’ordra  da  1,5  mm.  Aucuna  faussa  alarms  particullAra 
o' a  At A  constatAa  dans  1‘appl lest ion  da  catta  mAtboda ■ 


On*  trolaltaa  adthoda  par  Couraata  da  Foucault  at  applicable  Hulawnt  aur  dlaquo  ddpoad,  a 
pa  rail  da  conciliar  ana  falble  talaur  du  aavll  da  ddtactlon  (0,7  an)  at  un  taux  da  fauaaea 
alaraea  accaptabla  (nal  an  l'oeenrranea) .  (Ug .  ti) 


flaauraa  da  tatlnue  aur  dan  alrolaa  tntar-dtana  da  coaatreaeaur 

La  troiaidaa  can  d'anoaalia  conatatd  an  application  conearna  l'aaorpaca  da  crlgua  da  fatltuo 
aur  daa  airalaa  intaraMlalraa  poaitlonndaa  antra  dtaquea  da  coapraaaaur.  Laa  crlguea 
apparalaaalant  prdfdrentlellaaent  dana  daa  ancocbaa  daatlndaa  k  dqulllbrer  la  rotor,  dont 
cartaloaa  avalant  dtd  rdnlladoa  d'una  aanldre  non  eonfonaa  an  aalatenaoco. 

La  configuration  dana  laqualla  la  eontrSla  daualt  dtra  rdaliad  iapoaatt  un  ddaontaga 
alalaua  :  ddpaaa  du  rotor,  at  oa  paraattait  pan  d'auolr  accta  dlrectaaent  k  la  tona  oft 
a'ioltiaiant  laa  crlquae.  Ona  adthoda  da  eoatrOla  par  ultraaona  utlllaant  daa  rdflaalona 
aultlplaa  du  faiaceau  acouatlqua  a  dtd  utlllada  (Fl(.  12  at  131. 


CRIOUE 
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oscillogramme  sur  une 

ZONE  SANS  DEFAUT 


ZONE  D'APPARITION  DE 
L ’ ECHO  DE  DEFAUT 


QSCIlluGkAMmE  SUN  UNE 
ZONE  flVEC  DEFAUT 


Sur  plus  de  100  aoteurs  contrAlAs,  S  viroles  fureot  trouvAes  crlquAes.  Bien  qua  It  seuil  de 
dAtectlon  fut  Inltlaleaent  fix*  i  3  Mi.  le  plus  petit  d*ftut  dAtoct*  prAsentait  une  longueur 
de  1.7  am,  cette  valour  a  const ItttA  Is  nouveau  seuil  da  dAtectlon. 

Coapte  t«nu  du  caractAre  alxte  do  1 'endoamagoaent  (aaorqage  on  fatigue  oligocycllque, 
propagation  on  fatigues  ollgocycllques  ot  vibration*  coablnAes).  los  interval  lea 
d* inspect Iona  aont  foibles  (200  h  *  SO  h  colon  lo*  cat). 


3.S.  Ruptures  on  fatigue  do  frolna  d'aubos  do  coanrossours 

Bnfln,  daos  lo  dernier  cos,  11  s'aglssalt  do  dAtocter  do*  ruptures  do  frolna  d'auboa  qui  aont 
destlnAes  *  bloquor  los  aubos  on  position  sur  dlsquo  do  coapresseur.  Cos  ruptures  ae 
dAveloppent  radlaloaoot  on  fatigue  sur  los  rayons  de  pliago  dos  tOlos  utllisAes  pour  rAaliser 
la  fonction  de  froin.  La  aAthode  rotonuo  conaisto  4  radiograph ler  lo  aoctour  concern*  par 
gaaaagraphio.  Lo  radio  isotope  (source  do  rayonneaont  y)  ost  introduit  dons  l'axe  aoteur  de 
conception  tubulairo,  los  filas  radlographtques  Atant  placAs  sur  la  pArlphArle  du  rAsctout . 

A  notor  quo  l'uno  dos  originos  do  cotto  conception  tubulairo  dos  arbros  de  coaprosaeur  ou  de 
turbine  ost  de  faciliter  lo  contrftlo  on  aalntonance  par  gaaaagrapblo. 


Comm  let  diffirents  eieaplei  l*ont  aontri,  lag  performances  de«  contrOles  hod  destructlfs 
toot  condltiOBnies  par  3  psraaitres  : 

-  la  taux  da  bob  ditact ion, 

-  la  taux  da  fauaaat  alaraas, 

-  la  taux  affactlf  da  piieaa  dif actuauaaa . 

La  noB'ditactioa  da  difaut  Ilia  ou  bob  i  das  faussas  alaraas  paut  avoir  pour  origins  : 

-  una  diaaasloa  da  difaut  lafirlaura  au  saull  gar anti  da  ditactloo, 

*  das  aaoaalias  lataapastlvas  aasquent  la  difaut  i  rechercher. 

Dans  ca  cas,  la  type  d'anoaallaa  appali  faussas  alaraas  qui  pauvaat  itra  classias  an  2 
catigorles  : 

-  anoaallas  liias  au  systiae  da  assure, 

-  anoaallas  liias  i  la  plica. 

par  exeaple: 


IBCKMIQUE 

AMALIE  LItt  40  SYSTEM 

AMALIE  LIKE  A  LA  PIECE 

Courants  da  Foucault 

■Lift  off”  ou  iloigneaent 
sonda/plica 

-  Ragnitlsas  riaanent 

-  Contra lota  d'icroulssage 

-  Effat  da  structure 

Ultruooa 

-  KiutiIi  couplli*  captaur 
pUea 

-  Bullaa  d’air 

-  Brulti  4a  toad 
dlaetraalpaa 

-  Barba  -  Bruit  da  structure 

-  Kayures  -  chocs  sur  plica 

Radlographle  X 

-  K* juris  fiia 

-  Keraa  plodb 

-  Pb  da  ddaalappaaaat 

-  Phinoaina  da  diffraction 
ou  ritrodif fusloa 

-  "Llgne  noire"  dans 
aoudura 

■assuage 

-  Hauvaisa  application  du 
procidi  aa  parti culler 

lav ago 

-  Zona  da  ritantlon  dans 
la  plica 

hoaogine 

La  prlsa  an  coapta  da  cas  dlffirants  aspacts  paraat  d'itablir  las  parforaancas  riallas  das 
procidis  A  partlr  : 

-  da  la  diteraiaatloa  da  la  probabillti  da  ditaction  aa  relation  avac  la  taux  da  faussas 
alaraas  da  la  technique  contldirie, 

-  das  itudaa  techniques  d'appllcablliti  da  la  aithoda  CTD  aa  foactloa  da  la  configuration 
qioaitrique  plica  at  da  1' access ibillti  das  tones  i  contrbler, 

-  du  stada  d* Intervention  : 

.  fabrlcatloa, 

.  riparatlon, 

.  exploitation. 


On  tableau  da  synthise  da  Involution  das  CUD  (tableau  S*  i)  drassa  la  bllan  sur  las 
dernliree  aonies  at  das  taadancas  actuelles  sur  las  cbolx  tacbalquas  d* application  das  CUD 
taat  an  fabrication  qu'en  exploitation. 
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TABLEAU  6 


EVOLUTION  PCS  CCMTROLCS  MOM  KSTBOCTIFS 
A  LA  SMECHA  AU  COURS  DCS  DEHM1EKES  AWWCES 


5.  COWCLUSIOMS 


L*  quality  dans  la  production  at  1 'exploitation  da  turbooschines  ioposa  aujourd’bui  da 
dlaposar  da  otthodas  at  da  oojrens  parforoant*  d’ inspection  non  destructrlvt,  adaptds  aus 
configurations  das  pUcas,  aals  an  parallel#  1' "Inspectabll ltd*  das  cooposants  dolt  fttra 
prita  an  coopt#  au  nivaau  oftoa  da  laur  concaptlon. 

L* Intervention  da  la  concaptlon,  la  fabrication  at  la  qualltt  dans  la  definition  da  nouvaaux 
ootaura  fatorisa  1' adoption  da  solutions  techniques  issues  d'un  cooproois  antra  : 

-  la  fonction  du  cooposant, 

-  la  faisabilitd  quant  i  as  fonction, 

-  la  "eontrdlabilitt"  an  fabrication,  oalntananca  at  reparation. 


RECORDINGS  FROM  AGARD  SMP  MEETING  ON  DAMAGE  TOLERANCE  CONCEPTS  TOR  ENGINE  CONSTITUENTS  - 
NON-DESTRUCTIVE  EVALUATION,  Luxembourg,  Me;  1988 


Dr.  A.F.  Bloc  Major  R.F.  Drummond 

Structures  Departcent  Aerospace  Maintenance 

The  Aeronautical  Research  Development  Unit 

Institute  of  Sweden  (FFA)  CFB  Trenton 

F.O.  Box  11021  Astra,  Ontario 

S-161  11  Bromna,  Sweden  Canada  KOK  1B0 


Through  discussions  occuring  between  each  of  the  formal  presentations,  the  meeting  arrived  at  a 

concensus  that  follow-up  action  was  needed  in  the  following  areas  : 

a.  modelling  (both  of  defect  initiation/growth  and  of  the  non-destructive  testing  (NOT)  process/flaw 
interaction); 

b.  statistics  and  data  collection  to  define  NDT  reliability;  and 

c.  the  initiation  of  round-robin  testing  of  standard  samples  with  actual  flaws  to  enlarge  the  proba¬ 
bility  of  detection  (POD)  data  base  and  to  facilitate  the  sharing  of  experience  between  concerned 
agencies. 

MODELLING 


1.  Failure  occurs  when  design  exceeds  process  control;  certifying  authorities  must  decide  what  standards/ 
measures  of  process  control  are  satisfactory  and  what  data  must  be  collected  to  verify  that  the 
specified  process  control  is  attained. 

2.  The  destructive  testing  to  prove  component  durability,  and  the  manufacture  and  post-test  exami¬ 

nation  of  POD  specimens  to  determine  NETT  reliability  are  expensive.  At  this  point,  such  tests  are 
conducted  until  a  cost -benefit  decision  is  made. 

3.  Newer  engine  structures  are  under  complex  loads  and  made  of  materials  whose  fatigue  behavioui  is 

not  as  well  understood  as  those  in  older  generation  components.  This  makes  a  comprehensive  inspec¬ 
tion  of  fracture  critical  components  to  assure  a  "defect  free  case"  impossible.  Finding  defects 
at  the  required  probability  is  only  possible  at  predictable  locations  for  failure  sites.  However, 
the  stress  levels  in  critical  components  and  the  fatigue  intolerance  for  some  of  the  most 
advanced  materials  is  heading  toward  a  situation  where  cracks  could  initiate  anywhere  from 
extremely  small  initial  flaws.  Therefore,  the  introduction  of  retirement  for  cause  (RFC)  has 

slowed  the  trend  toward  increasing  performance  of  Ras  turbine  engines  while  the  industry 

develops  materials  with  greater  crack  nucleation  and  growth  resistance.  It  was  estimated  that  a 
further  five  years  might  be  required  before  efforts  are  renewed  t<>  push  at  present  thrust/ 
weight  barriers. 

4.  Eventually,  the  trend  toward  engine  materials  and  designs  improving  performance  will  bring  with 
it  critical  crack  sizes  which  push  against  the  physics  which  dictate  crack  detectability  by  NDT 
methods.  Also,  accurate  prediction  of  crack  location  and  orientation  is  mandatory  for  a  safety- 
by-inspection  philosophy  to  be  successful.  So  far,  such  definite  defect  prediction  and  detection 
has  been  elusive. 

5.  It  was  mentioned  that  the  RFC  philosophy  addresses  these  concerns  by  obligating  the  use  of 
materials  with  known  favourable  crack  growth  rates.  Also,  analysis  must  provide  for  conservatism 
in  design  to  provide  surviveabi lity  for  at  least  two  inspection  lives  with  defects  at  the  90  X 
POD  95  X  confidence  level.  RFC  will  only  be  applied  for  components  with  critical  defect  sizes 
which  NDT  technology  (which  is  continuing  to  develop)  has  been  proved  capable  to  detect. 

6.  Designers  of  gas  turbine  engines  are  not  universally  obligated  to  include  "inspectabi l ity"  by 

NDT  in  component  designs,  although  most  are  at  least  educated  to  do  so. 

7.  The  design  of  engine  components  which  meet  RFC  criteria  is  a  team  effort  between  the  design  and 
NDT  engineers.  The  design  engineer  must  define  what  defects  will  be  produced  by  manufacturing 
processes  and  service  conditions  as  well  as  their  propagation  rates,  orientations  and  critical 
sizes.  Then  the  NOT  engineer  attempts  to  characterize  the  inspection  system’s  response  to  these 
features,  optimize  flaw  detection  and  set  pass/fall  criteria. 

8.  While  a  thorough  understanding  of  the  underlying  physics  of  all  NOT  methods  has  not  been 

essential  to  their  effective  application  to  this  point,  such  fundamental  knowledge  is  necessary 
for  techniques  to  detect  defects  at  the  sizes  and  reliabilities  required  to  support  engine 

design  of  the  future.  It  was  estimated  that  development  of  a  model  for  eddy  current /defect 
interaction  to  the  same  degree  as  that  available  for  the  ultrasonic  method  is  at  least  five 
years  away. 

9.  It  was  mentioned  that  NOT  method  reliability  can  be  studied,  in  some  instances  (such  as  for 

ultrasonics),  by  computer  modelling  of  the  process/flaw  interaction.  It  was  pointed  out  that  this 

approach  was  limited  in  that  it  did  not  add  to  practical  knowledge  or  experience. 


R2 


STATISTICS/ DATA  COLLECTION 


1.  While  data  was  displayed  showing  generally  recognized  minimum  detection  limits  for  various  NOT 
methods,  practical  reliability  data  is  still  not  readily  available.  No  single  figure  should  be 
used  to  state  POD  as  a  general  truth  for  any  method. 

2.  Due  to  the  expense  and  effort  associated  with  NOT  reliability  studies,  POD  data  is  very  sparse 
(small  sample  sizes  in  each  test).  Statistical  methods  presently  used  for  analysis  of  such  data 
was  questioned;  perhaps  the  statistical  methods  used  in  civil  engineering  might  be  tried  and  the 
results  compared  with  present  NOT  reliability  practices  for  conservatism. 

3.  The  understanding  of  total  POD  must  be  broader  -  probability  of  the  defect  occuring,  probability/ 
rate  of  crack  growth,  probability  of  detection  (NOT),  etc. 

4.  Some  error  in  POD  is  created  by  the  difficulty  of  accurately  sizing  defects  such  as  cracks,  even 
by  metallurgical  examination. 

5.  The  USAF  is  attempting  to  establish  a  standard  for  the  quantitative  evaluation  of  liquid 
penetration  inspection  and  eddy  current  methods.  A  workshop  on  that  topic  is  scheduled  for  the 
Quantitative  NDE  conference  at  La  Jolla,  California  in  early  August  1988. 


ROUND-ROBIN  TESTING 


1.  As  stated  in  "modelling"  the  manufacture  and  post-test  examination  of  POD  specimens  to 
determine  NOT  reliability  are  expensive. 

2.  It  was  proposed  that  some  round-robin  testing  of  a  standard  specimen  set  containing  "real"  defects 
could  be  useful  to  gather  sufficient  data  to  make  NOT  reliability  determination  possible.  However, 
a  suggestion  was  made  that  the  standardization  of  NOT  systems  between  participants  can  be 
difficult.  For  instance,  many  parameters  must  be  considered  for  highly  sensitive  ultrasonic 
testing.  Nevertheless,  it  was  concluded  that  such  a  test  would  be  useful  to  establish  and  share 
an  NOT  reliability  data  base  as  well  as  to  examine  statistical  approaches  to  the  treatment  of  this 
data.  This  topic  will  be  discussed  further  at  the  next  AGARD  SHP  business  meeting  scheduled  for 
this  autumn. 
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14.  Abstract 

The  AGARD  Structures  and  Materials  Panel  is  co-ordinating  a  series  of  four  Workshops 
planned  within  the  framework  of  a  Review  on  Damage  Tolerance  for  Engine  Structures.  The 
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components. 
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The  Workshop  was  devoted  to  Non-Destructive  Evaluation  of  Components. 
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